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DRAFT DISCLAIMER

This contractor document was prepared for the U.S. Department of Energy (DOE), but has not

undergone programmatic, policy, or publication review, and is provided for information only.

The document provides preliminary information that may change based on new information or

analysis, and is not intended for publication or wide distribution; it is a lower level contractor

document that may or may not directly contribute to a published DOE report. Although this

document has undergone technical reviews at the contractor organization, it has not undergone a

DOE policy review. Therefore, the views and opinions of authors expressed do not necessarily

state or reflect those of the DOE. However, in the interest of the rapid transfer of information,

we are providing this document for your information.
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PREFACE

This report is being submitted to the U.S. Department of Energy (DOE) to fulfill Level 3 Milestone

SP23PM3: Results of Hydraidic and tracer tests, C-Well Complex in Summary Account OG3313 1FBB,
Planning and Scheduling Account (PACS) 1.2.3.3.1.3.1, C-well Complex Hydraulic and Conservative

Tracer Testing. This milestone consists of a report which presents the results of Saturated-Zone

hydraulic and tracer tests conducted by the USGS at the C-Holes complex through approximately March

31, 1997. The report describes the tests that were conducted in the Lower Bullfrog interval, presents the

results of the tests, describes the analyses performed on the test data, and interprets the test data and

analyses with respect to the determination of hydraulic and transport properties and parameters. A

discussion and evaluation of the uncertainties associated with the data and analyses is also included.

The milestone required extensive coordination among the authors and support staff to ensure fulfillment

of the milestone criteria described in the PACS Participant Planning Sheet. As a guide for reviewers,

Table A has been prepared to indicate which sections of the deliverable meet particular milestone

description/completion criteria. The completion criteria determined the overall scope of the deliverable.

This package is considered, in terms of the criteria requirements in PACS, to be the final product that

meets the definition of the deliverable.

The report has received two YMP-USGS technical reviews, by Lawrence Anna of the USGS, and

Maureen McGraw, owe, Las Vegas. These reviews have been conducted and documented in

accordance with the requirements of Quality Management Procedure YM-USGS-QMP-3.04, R9. All

Yucca Mountain Project data used as sources during the development of the report are identified in Table

B, Source Data Table. The data are identified by the Automated Technical Data Tracking system

(AT7IX) Data Tracking Numbers (DT)M and/or Records Information System Record Accession (RA)

numbers where applicable. Data sources are clearly labeled as qualified (Q) or non-qualified (non-Q)

based on the ATDT system. Non-qualified data from non-YMP sources that have been published in the

public domain outside of the Yucca Mountain Project have been identified as being widely accepted and

used throughout the scientific community.

The regulatory requirements of YAP-SIll3Q has resulted in a Q classification for this report.
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Table A. Description/completion acceptance criteria and location sununary for U.S. Department of
Energy Level 3 Milestone SP23PM3 - Results of Hydraulic and Conservative Tracer Tests, C-Hole
Complex

CP=ITRA TEXT LOCATION

'rr~rTMVrrAT. PIrnTJ1rDPIAVNT.
J 1.. .,^. .:8. ,.,.. . v

A. This report will present the results of Saturated-Zone (SZ) "Hydraulic Tests" and "Tracer
hydraulic and tracer tests conducted by the USGS at the C-Holes Tests" packets of the Letter Report
complex through 31 May 1997.

B. The report will describe the tests that were conducted in the Same as above
Lower Bullfrog interval, present the results of the tests, describe the
analyses performed on the test data, and interpret the test data and
analyses with respect to the determination of hydraulic and transport
properties and parameters, including explicit discussion and
evaluation of the uncertainties associated with the data and analyses.

RIOGRAMMATICRREMENTS

A. This deliverable shall be prepared in accordance with OCRWM The USGS has an approved Quality
approved quality assurance procedures implementing requirements Assurance Program
of the Quality Assurance Requirements Description. _ _ _ _ _ _ _

B. The product shall be developed on the basis of the best technical See Table B
data, including both Q and non-Q data.

C. The Q status of the data used and cited in the report shall be See Table B for Q status of Yucca
appropriately noted. Mountain Project references

D. Stratigraphic nomenclature cited in the deliverable shall be See Table 3 in the "Background"
consistent with the Reference Information Base section 1.12 (a): packet of the Letter Report
Stratigraphy-Geologic Lithologic Stratigraphy.

E. The report shall note data used and shall include record See Table B
Accession Numbers or Data Tracking Numbers when available.

F. This deliverable shall be processed in accordance with YAP- See cover memorandum
5.1Q. .
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Table B: Source Data Table for Milestone SP23PM3: Results bf Hydraulic and Tracer Tests, C-
Well Complex

Title of Data Source Data Tracking Number Q
Record Accession NumberJ Status

Pump Test and Tracer Data:

DP: 05/22/95 280 gallon per minute GS960108312313.001 Q
pump test at the c-hole complex,. MOL.19960924.0689 - .0690
Pre-test data also included MOL.19960924.0692 - .0700

MOL.10060924.0705

DP: 6/12195 356 GPM test in UE- GS960108312313.002 Q
25c#3 with c4l and c#2 packed off. MOL.199609240703
Test conducted at the c-hole MOL.19960924.0807 - .0808
complex. MOL.19960924.0810 - .0812

DP: Pumping test data collected at GS960808312314.002 Q
the c-hole complex, September 28, MOL.19961216.0174 - .0181
1995 (pre-test data) and January
through April, 1996

DP: Data obtained from the analysis GS960808312315.001 Q
of the iodide-tracer-test water MOL.19961216.0160
samples collected during the 2/13/96 MOL.19961216.0162 - .0163
convergent-tracer test conducted at MOL.19961216.0165 - .0167
the c-well complex. The test was in
the Bullfrog-Tram zone with
pumping in borehole UE-25c#3 and
injection in borehole UE-25c#2

DP: Pumping test data collected at GS970308312314.001
the c-well complex, 517/96 - 12/31196 Backlog

DP.Pump test data collected at the C-
well complex, 1/8/97 - 6/15/97 AND
Water-level altitude data from four
wells in the Continuous Network,
December 1996 through March 1997

GS970708312314.005 and
GS970708312314.006
Data package is in process;
accession number not
available

Q and Non-Q,
respectively

& A
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Title of Data Source Data Tracking Number Q
Record Accession Number Status

DP: Concentrationsof2,6DFBAand G S970708312315.001 Q
Pyridone from tracer tests Data package Is Inprocess;
conductged at the C-well complex, accession number nbt
118/97 - 7/11/97 avallble .

Wtetr-level altitude data

DP: Water-level altitude data from GS950108312312.o Non-Q
the Periodic Network, Fourth MOL.19951030.0726 - .0727
Quarter, 1994

DP: Water-level altitude data from GS950408312312.003 Non.Q
the Periodic Network, First Quarter, MOL.19951219.0132. - .0133
1995 MOL.19960531.0044

DP: Water-level altitude data from GS951108312312.010 Non-Q
the Perio4ic Network, Third Quarter, Bacldog
1995 MOL.19960315.0141

MOL.19960327.0365 - .0366

DP: Water-level altitude data from GS960708312312.009 Non-Q
the Continuous Network, 1995 Backlog

DP::Wat~r-level altitude data from OS970308312314.002 Non4Q
four wells in the Coniinuous Backlog
Nctwork, May through December,
1996

DP: Water-level altitude data from OS961008312312.014 Non-Q
the Periodic Network, Janumxy MOL.19970205.0067 - .0068
through June, 1996 MOL.19970205.0071

DP: Water-level altitude data from GS9701083f2312.001 Non-Q
the Periodic Network, July through MOL.19970708.0674 - .0676
December, 1996 .
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Title of Data Source Data Tracking Number Q
Record Accession Number Status

Water-Ouality Data:

DP: Water-quality data from a GS970700012847.002 Non-Q
sample collected at well UE-25c#3 Data package is in process;
on 5/18/95 by the Environmental accession number not
Monitoing Program available

DP: Field, chemical and isotopic data GS950808312322.001 Q
describing water samples collected in MOL.19960226.0434
Death Valley National Monument
and at various boreholes in and
around Yucca Mountain, Nevada,
between 1992 and 1995

DP: Water chemistry data from three GS970708312314.004 Q
samples collected at well UE-25c#3, Data package is in process;
12/4/96, 2/19/97, and 6/12/97 accession number not

available

DP: Strontium isotope ratios and GS960908315215.012 Q
isotope dilution data for rubidium Data package is in process;
and strontium collected 5/11/95 to accession number not
8/5196 available

DP: Strontiun isotope ratios and GS970708315215.008 Q
isotope dilution data for rubidium Data package is in process;
and strontium for two samples accession number not
collected at UE-25c03, 12/4/96 and available
2/19/97

DP: Halide and chlorine-36 analyses LA3F831222AQ95.017 Q
of porewaters, groundwaters, and MOL.19961015.0115
surface runoff from Yucca Mountain
and vicinity
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CONVERSION FACTORS, ABBREVIATIONS, AND VERTICAL DATUM

Multinlv Inch-nound tunit
cubic meter per day (m3Id)
centimeter (cm)
gram (g)
kilogram (kg)
kilogram per day (kgld)
kilometer (km)
kilopascal (kPa)
liter IL)
liter per second m (Ls)
meter (i)
meter per day (mid)
meter squared per day (m2/d)
microgram per liter (pg/L)
micrometer (pm)
milliequivalent per liter (meq/L)
milligram (mg)
milligram per liter (mg/L)
nanometer (nm)
square meter

By
35.31
0.393
2.205xl 03

2.205
2.205
0.62139
0.14503
0.26417
15.85
3.2808
3.2808
10.76
1
3.97 x 10-"
1
2.205xl 0'
1
3.97 x 10"
10.76

To obtain metric unit
cubic foot per day
inch
pound
pound
pound per day
mile
pound per square inch
gallon
gallon per minute
foot
foot per day
foot squared per day
part per billion
'inch
equivalent per million
pound
part per million
inch
square foot

The following abbreviations were used
pound systems:
ampere: A
hertz: Hz
kilowatt: KW
microslemen: pS
milliampere: mA
millidarcy: mD
millivolt: mV
ohm: 0
volt: V
watt: W

for units In both the metric and inch-

Degree Celsius (0C) may be converted to degree Fahrenheit (F) by using the
following equation: OF = (1.8 x OC) + 32.

Sea Level: Altitudes In this report are referenced to the National Geodetic Vertical
Datum of 1929 (NGVD of 1929), a geodetic datum derived from a general
adjustment of the first-order level nets of the United States and Canada, formerly
called "the Sea Level Datum of 1929" or "mean Sea Level".
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INTRODUCTION

Information contained In this report Is presented as part of ongoing
investigations by the U.S. Geological Survey (USGS) regarding the hydrologic and
geologic suitability of Yucca Mountain, Nev., as a potential site for the storage of
high-level nuclear waste In an underground mined geologic repository. This
Investigation was conducted .by the Yucca Mountain Project Branch (YMPB) of the
USGS, In cooperation with the U.S. Department of Energy, under Interagency
Agreement DE-AI08-92NV10874.

Purpose and Scope

This report presents Information obtained from three cross-hole hydraulic
tests and three convergent tracer tests conducted in Miocene tuffaceous rocks at
the C-hole complex at Yucca Mountain, Nev., (fig. 1) from June 1995 to July
1997. The report describes the tests that were conducted, discusses changes in
water levels observed In monitoring wells as a result of pumping, discusses
breakthrough curves for Injected tracers, describes analyses performed on the test
data, presents values of hydraulic and transport properties determined from test
analyses, evaluates uncertainties associated with the test data, analyses, and.
quantitative results, and discusses how test results can be extrapolated to
Interpret ground-water flow and solute transport In Miocene tuffaceous rocks
beyond the Immediate vicinity of the C-hole complex.

Data used in the Interpretation of the hydraulic and tracer tests discussed In
this report were submitted as "data packages (table 1) to the U.S. Department of
Energy (DOE), except for data from borehole UE-25 ONC-1. (Borehole UE-25
ONC-1 was drilled by the Nye County Nuclear Waste Repository Project Office,
which makes pressure data obtained from transducers In the borehole and at land
surface available on the Internet). Data packages submitted to DOE are available
for inspection at the DOE, Nevada Operations Office, Records Processing Center in
Las Vegas, Nev.

Previous Work

Hydrogeologic Intervals discussed in this report were identified by Geldon
(1996) on the basis of borehole geophysical logs, borehole flow surveys, cross-
hole seismic tomography, and aquifer tests that were done between 1983-84
(when the C-holes were drilled) and 1995. Geophysical logs that have been run in
the C-holes Include caliper, borehole-deviation, temperature, resistivity, gamma-
gamma, acoustic, epithermal neutron, acoustic televiewer, and television logs
(Geldon, 1993).

Flow surveys that have been run in the C-holes include tracejector, heat-
pulse flowmeter, spinner, and oxygen activation surveys (Geldon, 1993, 1996).
Tracejector surveys using radioactive Iodide were run in the C-holes during
hydraulic tests conducted in 1983 and 1984. Heat-pulse flowmeter surveys were
run In the C-holes In 1991 without the boreholes being pumped. Spinner and
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Figure 1 - Location of the C-hole complex, boreholes UE-25 c#l, UE-25 c#2, and

UE-25 c#3 (C-hole map Is referenced to Nevada State, Zone 2, coordinates).
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Table 1 - Data obtained from, or used to Interpret hydraulic and tracer tests at
the C-hole comolex. Yucca Mbuntain. Nevada. 1995-19A97 rn. qualitv astsredl

Data Tracking Number Data package contents 0
status

GS950108312312.001 Water-level measurements in UE-25 c#l, UE-25
GS950408312312.003 c02, and UE-25 c#3, December 1994 to April Non-Q
GS951108312312.010 1996
GS961008312312.014 .
GS960708312312.009 Water-level measurements in UE-25 WTO3, UE- Non-0

25 WT#14, UE-25 pf1, and USW H-4, January
to December, 1995

GS960108312313.001 Continuously recorded barometer, transducer, Q
GS960108312313.002 and flowmeter data in the C-holes, May and

June, 1995
GS960808312314.002 Continuously recorded barometer, transducer, 0

and flowmeter data In the C-holes, January to
March, 1996

GS970308312314.001 Continuously recorded barometer, transducer, Q
and flowmeter data In the C-holes, May to
December, 1996

GS970308312314.002 Continuously recorded and periodically measured Non-Q
water levels In UE-25 WT93, UE-25 WT#14, UE-
25 pn1, and USW H-4, May to December, 1996

GS970708312314.005 Continuously recorded barometer, transducer, Q
and flowmeter data in the C-holes, January to
June, 1997

GS970708312312.007 Continuously recorded and periodically measured Non-Q
water levels in UE-25 WT#3, UE-25 WT#14, UE-
25 PMi, and USW H4, January to June, 1997

Not applicable; data are on UE-25 ONC-1 barometer and transducer Non-Q
the Internet at pressures, April 1995 to March, 1997
http:l/site206087.pnime
host.comlindex.htm
GS960808312315.001 Iodide tracer concentrations in water from UE-25 0

c13, February and March, 1996
GS970708312315.001 2,6 difluorobenzoic acid and 3-carbomyl-2- a

pyridone tracer concentrations in water from UE-
25 c03, January to July 1997

GS950808312322.001 Major Ions, trace elements, and selected Isotopes 0 and
GS970700012847.002 in water from UE-25 c03, May and June. 1995 Non-Q
GS970708312314.004 Major ions, trace elements, and selected isotopes Q

In water from UE-25 c03, December 1996 to
June 1997

GS960908315215.012 Strontium Isotopes in water from UE-25 c03, Q
May 1995 to March 1996

GS970708315215.008 Strontium isotopes in water from UE-25 c#3, 0
December 1996 to February 1997
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oxygen-activation surveys were run In borehole UE-25 c#3 during a hydraulic test
in June 1995.

In 1993, a seismic tomogram was done between boreholes UE-25 c#2 and
UE-25 c#3 by Lawrence Berkeley Laboratory (LBL) for the USGS (Ernie Majer, LBL,
written commun., 1993). The tomogram showed many of the hydrogeologic
details evident from borehole lithologic and geophysical logs and flow surveys.

The way in which hydrogeologic intervals in the C-holes transmit water and
hydraulic properties of these Intervals were determined provisionally by Geldon
(1996) from geophysical logs, laboratory analyses, and aquifer tests. A matrix.
porosity profile for the C-holes was developed by Geldon (1993) from a gamma-
gamma log and 9 values of core porosity obtained from UE-25 c#1 in 1983. A
matrix permeability profile for the C-holes was developed by Geldon (1996) from
permeameter tests on 89 core samples obtained from the C-holes and four nearby
boreholes between 1980 and 1984. A hydraulic-conductivity profile for the C-
holes was developed by Geldon (1996) by analyzing falling-head and pressure-
injection tests that were done in UE-25 c01 In 1983. Transmissivity, hydraulic
conductivity, and storativity of discrete intervals within the Calico Hills Formation
and Crater Flat Group were determined by Geldon (1996) from analyses of a
constant-flux injection test in UE-25 c#2 and three hydraulic tests In UE-25 c#2
and UE-25 c#3 that were done In 1984.

Immediately prior to the series of hydraulic and tracer tests discussed in this
report, from May 22 to June 12, 1995, an open-hole hydraulic test was conducted
in borehole UE-25 c#3. Simultaneous monitoring of water-level and atmospheric-
pressure fluctuations in 1993 established the barometric efficiency of the C-holes
for the 1995 test (Geldon and others, 1997). The open-hole hydraulic test was
designed to determine the transmlssivity, hydraulic conductivity, and storativity of
the composite saturated thickness of Miocene tuffaceous rocks at the C-hole
complex, lateral variations in hydraulic properties within a two-mile radius of the C-
hole complex, and possible hydraulic connection between the Miocene tuffaceous
rocks and a regional aquifer composed of Paleozolc carbonate rocks. This test Is
described in a report by Geldon and others (in review) and will be discussed in this
report only to support analyses and interpretations presented herein.

Acknowledgments
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this study possible. Tom Oliver and Shannon Mahan assisted the authors in
monitoring the data aquisition system and pump discharge and In collecting water
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hydraulic and tracer tests discussed In this report to proceed. Staff of the
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HYDROGEOLOGIC SETTING

The C-hole complex is located in Nye County, Nev., at the western edge of
the Nevada Test Site, about 145 km northwest of Las Vegas (fig.1). The C-holes
are In a channel of an ephemeral stream that cuts through Bow Ridge, a spur of
Yucca Mountain (fig. 2). The C-hole complex Is a two-tiered drill pad. The lower
tier, In which borehole UE-25 c#1 was drilled, Is at an altitude of about 1,130.5 m.
The upper tier, In which boreholes UE-25 c#2 and UE-25 c#3 were drilled, Is at an
altitude of about 1,132.3 m. The C-holes are 30.4-76.6 m apart at the land
surface (fig. 1), but Interborehole distances vary substantially at depth because of
borehole deviation during drilling (table 2).

The C-holes are completed In Miocene tuffaceous rocks (table 3), that are
covered by 0-24 m of Quaternary alluvium and underlain by Paleozoic formations
composed mostly of limestone and dolomite (Carr and others, 1986; Scott, 1990).
The Miocene tuffaceous rocks are estimated to be 1,040-1,590 m thick in the
vicinity of the C-holes, where they consist of nonwelded to densely welded ash-
flow tuff with Intervals of ash-fall tuff and volcaniclastic rocks. The tuffaceous
rocks are pervaded by tectonic and cooling fractures that strike predominantly
north-northeast to north-northwest and dip westward at angles of 50°-87°
(Geldon, 1996).

In the vicinity of the C-hole complex, northerly and northwesterly trending,
high-angle faults, such as the Paintbrush Canyon, Midway Valley, and Bow Ridge
Faults, have brecciated, offset, and tilted the Miocene tuffaceous rocks (fig. 3).
The dip of the tuffaceous rocks increases from 5° -10° eastward at the crest of
Yucca Mountain to about 20° eastward at the C-hole complex (Frizzell and
Shulters,1990). At the C-hole complex, the north-striking Midway Valley or
Paintbrush Canyon Fault downdropped Miocene tuffaceous rocks to the west.
The Miocene tuffaceous rocks and the Midway Valley or Paintbrush Canyon Fault,
later, were downdropped to the northeast by a northwest-striking fault, which
underlies the wash that cuts through the northern part of Bow Ridge (fig. 2).
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Figure 2 - Generalized geologic map showing the location of the C-hole complex
and nearby boreholes (Geology modified from Day and others, In press).
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Table 2 - Approximate interborehole distance at the midpoints of hydrogeologic
Intervals monitored during hydraulic and tracer tests at the C-hole complex,
August 1995 to April 1996 (All figures In meters; north and south referenced to
Nevada State, Zone 2 coordinates; depths in UE-25 c#3 and Interborehole dis-
tances changed slightly In April 1996, when instrumentation in UE-25 c#3 was
reconfigured! C1. UE-25 c#1: C#2. UE-25 c#2! C#3. UE-25 c#3)

UE-25 C#1 UE-25 C#2 UE-25 C#3 C#1-C#3 C#2-C#3

CALICO HILLS
Top depth
Bottom depth
Midpoint depth
North coordinate
East coordinate
Distance north/south from c#3
Distance east/west from c#3

418
547
483

230,771
173,646

68.3
39.3

416
531
474

230,691
173,633

12.2
26.2

417
540
478

230,703
173,607

78.6 29.0

PROW PASS
Top depth 549
Bottom depth 605
Midpoint depth 577
North coordinate 230,772
East coordinate 173,648
Distance north/south from c#3 70.4
Distance east/west from c#3 40.2

533
606
569

230,691
173,634

11.0
26.5

542
610
576

230,702
173,607

81.1 28.6

Top depth
Bottom depth
Midpoint depth
North coordinate
East coordinate
Distance north/south from c#3
Distance east/west from c#3

Top depth
Bottom depth
Midpoint depth
North coordinate
East coordinate
Distance north/south from c#3
Distance east/west from c#3

UPPER BULLFROG
607 607 612
698 696 695
653 652 653

230,773 230,691 230,701
173,648 173,634 173,607

72.2 9.75 -a
41.4 26.8

LOWER BULLFROG
700 698 697
797 792 813
749 745 755

230,774 230,692 230,700
173,649 173,633 173,606

73.8 8.84 --
43.3 27.7 -

83.2

85.6

28.6

29.3
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UPPER TRAM
Top depth 799 794
Bottom depth 870 870
Midpoint depth 834 832
North coordinate 230,774 230,691
East coordinate 173,648 173,632
Distance north/south from c#3 74.7 8.53
Distance east/west from c#3 44.2 28.3

814
878
846

230,700
173,604

86.9 29.6

Top depth
Bottom depth
Midpoint depth
North coordinate
East coordinate
Distance north/south from c#3
Distance east/west from c#3

LOWER TRAM
872 871
898 903
885 887

230,774 230,691
173,648 173,632

74.7 8.23
44.8 28.6

879
900
890

230,700
173,603

87.2 29.9

Table 3 - Stratigraphy of Miocene tuffaceous rocks in the C-hole
others, 1986; Geldon, 1993; Whitfield and others, 1984)

area (Carr and

Geologic Unit Depth below land surface, in meters

II! W 4.- I IF-99; rf I IIP-9r, r&7 1 W-92 0c&A 1 F.99 n&1

Timber Mountain Group
Rainier Mesa Tuff not present not present not present not present 39-55

Paintbrush Group
Tiva Canyon Tuff
Topopah Spring Tuff

0-65
65-400

0-96
96-406

Calico Hills Formation 400-496

Crater Flat Group
Prow Pass Tuff
Bullfrog Tuff
Tram Tuff

406-516

516-656
656-828
828-914-

21-88
88-401

401-510

51-652
652-829
829-914*

24-88
88-396

396496

496-644
644-814

814-914*

381-436

436-558
558-691
691-873

55-81
81-381

496-693
693-812
812-1,164

Uthic Ridge Tuff 1,164-1,219' not reached not reached not reached 873-1,068
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Hydrogeologic and hydrochemical data and numerical models for the Yucca
Mountain area Indicate that ground water in the area flows locally from block-
faulted mountains to Intermontane basins and regionally from basin to basin
toward Alkali Flat (Franklin Lake Playa), Ash Meadows, Oasis Valley, and Death
Valley (Luckey and others, 1996). Locally, ground water flows mainly through
Tertiary volcanic and tuffaceous rocks and Quaternary and Tertiary alluvium and
lacustrine deposits. Ground water flows from basin to basin mainly through
Paleozoic carbonate rocks. Cohen and others (1996) demonstrated by two-
dimensional numerical modeling that water In Miocene tuffaceous rocks at the C-
hole complex could be derived from the Paleozoic carbonate rocks by upward flow
along the Paintbrush Canyon, Midway Valley, or Bow Ridge Faults. Geldon and
others (in review) concluded that a northwest-trending zone of discontinuous
faults between Bow Ridge and Antler Wash, also, transmits ground water.

The water table In the Miocene tuffaceous rocks at Yucca Mountain generally
is deep; In the vicinity of the C-holes, depths to water range from about 335 to
520 m below land surface (O'Brien and others, 1995). Water in the tuffaceous
rocks generally flows southeasterly (Ervin and others, 1994; Tucci and Burkhardt,
1995), but flow patterns can be disrupted by faults acting as conduits or barriers to
flow. Sparse water-level data in the vicinity of the C-holes can be interpreted to show
that the Paintbrush Canyon, Bow Ridge, and other faults have created a ground-water
divide centered on Bow Ridge and Boundary Ridge that directs flow southward to Dune
Wash, northward to Midway Valley, and eastward to Fortymile Wash (fig. 4). Flow from
the west into the area of the C-holes is Inhibited by numerous north-striking faults, of
which the most prominent is the Solitario Canyon Fault (Tucci and Burkhardt, 1995).
The Solitario Canyon Fault is interpreted to be a constant-head boundary, whereas
discharge areas north, east, and south of the C-hole complex are interpreted to be
head-dependent flux boundaries.

The Miocene tuffaceous rocks in the area of the C-hole complex comprise a
single fissure-block aquifer, in which the volume and direction of ground-water flow are
controlled mainly by proximity to faults, fracture zones, and partings (Geldon, 1993;
1996). Fractures in transmissive Intervals have no preferred orientation, and the
fracture density appears to be unrelated to the extent to which the tuffaceous rocks in
these intervals are welded (Geldon, 1996). Matrix permeability of the Calico Hills
Formation and Crater Flat Group within 5 kilometers of the C-hole complex can be as
much as 20 mD (Geldon, 1996). Despite having dual permeability, rock within about 3
km of the C-hole complex consistently responds to pumping tests as an equivalent
porous medium (Geldon, 1996; Geldon and others, in review). On the basis of
barometric efficiency and specific storage, the average effective porosity of rock near
the water table in the C-holes (the Calico Hills Formation) was determined by Geldon
and others (1997) to be 36 percent. The Crater Flat Group is much less porous than
the Calico Hills Formation, and the average porosity of these two geologic units in
the C-holes Is 21 percent (computed from porosity values reported by Geldon,
1993).

Borehole flow surveys, In combination with geophysical logs and aquifer
tests, show that flow within the Miocene tuffaceous rocks at the C-hole complex
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comes from discrete Intervals (fig. 5). The total thickness of transmissive
Intervals Identified In Individual boreholes ranges from 165 to 274 m (Geldon,
1996). Hydraulic tests conducted In 1984 indicated that transmissive Intervals In
the C-holes have layered heterogeneity (Geldon, 1996). A hydraulic test
conducted at the C-hole complex from May 22 to June 12, 1995 Indicated that
the composite section of Miocene tuffaceous rocks In the vicinity of the C-holes
has a transmissivity of 2,300 m/d and a storativity of 0.003 (Geldon and others,
in review). This same test Indicated transmissivity values of 1,600 to 3,200 m2/d
and storativity values of 0.001 to 0.003 for the rocks In Individual boreholes (UE-
25 c#1, UE-25 c#2, UE-25 ONC-1, and USW H4).

Little Is known about hydrologic properties of the Paleozoic carbonate
rocks In the vicinity of the C-holes. The closest pumping tests, which were
conducted In the Amargosa Desert about 38 km southeast of the C-hole complex,
Indicated transmissivity values between 4,800 and 10,800 m2Od and a storativity
of 0.0005 (Leap and Belmonte, 1992).
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INSTRUMENTATION FOR HYDRAULIC AND TRACER TESTS

Principal components of the equipment installed at the C-hole complex to
conduct hydraulic and tracer tests from 1995 to 1997 are described briefly in this
report. Although available commercially, much of this hardware and software has
not been used extensively in hydraulic and tracer tests because of its relatively
recent development. Some of this equipment, such as an automated sampler, was
designed and manufactured specifically for use at the C-hole complex. All of the
equipment used received extensive performance evaluation during prototype
pumping and tracer tests conducted jointly with Lawrence Berkeley Laboratory
(LBL) from 1992 to 1994 at a research site near Raymond, Calif. Modifications to
system components and their assembly were made to address problems
encountered during prototype testing and after the equipment was installed and
used Initially at the C-hole complex. With few exceptions (discussed below), most
system components performed remarkably well, despite being operated almost
continuously for more than two years.

Packers

Dual-mandrel packers manufactured by TAM International, Inc., were
installed in UE-25 c#1 and UE-25 c#2 throughout the tests and in UE-25 c#3 after
August 1995. The packers are about 1.83 m long (fig. 6) and have a diameter of
about 21.6 cm when deflated. Suspended on 7.30-cm-diameter tubing, each
packer contains twelve pass-through tubes to allow packer-inflation lines and
electrical cable to be installed in the borehole. The packers are inflated individually
by the injection of argon gas through 0.64-cm, stainless steel tubing. Inflation
pressures, which are about 1,034 kPa above hydrostatic pressure, range from
about 2,758 to 5,861 kPa at the depths at which packers were set in the C-holes
from 1995 to 1997. Packer depths from 1995 to 1997, as measured from the'
land surface, are listed in table 4.

Transducers

During pumping and tracer tests, a continuous record of pressure and
temperature in packed-off intervals was obtained using absolute pressure
transducers manufactured by Paroscientific, Inc. (Absolute pressure transducers
record water pressure plus atmospheric pressure, whereas differential pressure
transducers record only the water pressure). The transducers used in the C-holes
were strapped into brackets welded onto the 7.30-cm-diameter tubing, on which
the packers were suspended (fig. 6).

Paroscientific transducers measure the oscillating frequency of a quartz
crystal as it changes in response to changes in pressure. An internal sensor
simultaneously records the temperature of the water in which the transducer is
immersed. A digital serial interface board passes the pressure and temperature
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signals through a microprocessor-controlled operating program stored in permanent
memory that calculates trmperature-compensated preossues at user-specified
intervals. The user communicates with the transducer via a RS-232 interface.
Factory calibrations indicate that the transducers have an accuracy of :E7.04 cm.
Field determinations indicate a precision of 0.30 cm under pumping conditions and
0.061 cm under non-pumping conditions.

Although transducers were installed in all hydrogeologic intervals, several of
the transducers failed after installation. Transducers that were operative during
some or all of the hydraulic and tracer tests conducted from 1995 to 1997 and the
locations of these transducers, as determined by subtracting recorded pressure
heads from static water-level altitudes, are listed in table 5. Listed transducer
altitudes have an accuracy of ± 0.3 m.

Table 5 - Operative transducers
Borehole Interval

in the C-holes. 1995 to 1997
Transducer

Number Depth
(Meters)

Altitude
(Meters)

UE-25 c#1

UE-25 c#2

UE-25 c#3

Prow Pass
Upper Bullfrog
Lower Bullfrog'

Calico Hills
Prow Pass
Upper Bullfrog
Lower Bullfrog'

Calico Hills2
Upper Bullfrog
Lower Bullfrog3

Upper Tram4

2
3
4

1
2
3
4

1
3
4
S

552.09
610.03
703.04

519.83
536.28
610.70
701.58

533.81
614.49
708.93
817.68

578.51
520.57
427.56

612.36
595.91
521.49
430.61

598.62
517.93
423.49
314.75

Footnotes
Upper Tram, together,1. Monitored Lower Bullfrog and February to March 1996

2. Usted transducer locations are for August 1995 to March 1996. Prior to August
1995, a single transducer was installed in the Calico Hills interval at a depth of
441.12 meters (altitude =691.30 meters) to monitor the composite geologic
section in UE-25 c#3. After April 1996, a new transducer was installed at a depth
of 691.31 meters (altitude =441.11 meters) to monitor the Calico Hills, Prow Pass,
and Upper Bullfrog intervals combined.

3. Operative after April 1996

4. Monitored Lower Bullfrog and Upper Tram, together, in February and March
1996; replaced in April 1996 by a transducer at a depth of 819.32 meters
(altitude= 313.11 meters)
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Barometer

A nonsubmersible, temperature-compensated pressure transducer
manufactured by Paroscientific, Inc., was used as a barometer during the pumping
and tracer tests discussed in this report. The barometer, which was emplaced in an
air-conditioned office trailer at the C-hole complex, operates in the same way as the
transducers installed in the C-holes to record water pressure. The factory-
calibrated accuracy of this barometer is + 0.005 percent of its full operating range
(103 kPa). The barometer was checked periodically against another barometer of
the same type, which, also, was located in the office trailer.

Pumps

A 37-stage, 25.2-1/s capacity, Centrilift submersible pump was used during
the hydraulic test in June 1995. The pump, enclosed in a protective shroud, was
suspended In borehole UE-25 c#3 on 1 3.9-cm-diameter tubing. The pump intake
depth was 450.1 m (48.0 m below the water-level altitude prior to pumping). The
pump was powered by a 250 KW generator, and its frequency was regulated by a
variable-speed controller. Water discharged by the pump was transported by a 15-
cm-diameter pipeline to a leachfield in Fortymile Wash, about 8 km from the C-hole
complex.

The original pump was replaced In August 1995 by a 43-stage, 12.6 Us-
capacity, Centrilift submersible pump. The pump, enclosed in a protective shroud,
was offset from the main part of the 7.30-cm-diameter tubing on which the
packers were suspended by a 22.9-m-long 'Y-blockw assembly (fig. 7). The Y-
block assembly was designed to allow wireline-tool access past the pump for
opening and closing sliding sleeves (screens installed to allow water and tracer
movement to or from test intervals) and for landing a plug in the tubing to prevent
recirculation of water through the pump shroud.

Although the Y-block assembly facilitated operations, its placement in the
instrument string created problems that eventually caused pump performance to
degrade beyond an acceptable level during hydraulic and tracer tests conducted in
February and March 1996. Because the combined diameter of the Y-block
assembly and main section of the instrument tubing (24.7 cm) was about the same
as the borehole diameter below a depth of 463.4 m, the pump intake had to be set
about 247 m above the top of the well screen open in the test interval. Frictional
head losses produced by water flowing through tubing from the test interval to the
pump intake caused the pump to operate at the outer limit of its designed
performance range, which in turn, caused the discharge to decrease from 8.77 Us
when pumping started on February 8, 1996 to 6.18 Us when pumping terminated
on March 29, 1996.

In April 1996, the pump performance problem was addressed by (1)
discarding the Y-block; (2) suspending a 72-stage, 12.6 Us-capacity Centrilift pump
enclosed within a narrower shroud directly on the 7.30-cm-diameter tubing; and (3)
lowering the pump to within about 47 m of the next interval to be tested, the
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Lower Bullfrog. During hydraulic and tracer tests conducted from May 1996 to
March 1997, the reconfigured pump assembly performed without major problems
and sustained a relatively constant discharge of 9.34-9.84 Us. Problems with one
of the generators providing power to the pump caused the pump to operate
erratically between March 26 and May 8, 1997, but the pump performed
adequately again after the generator problem was resolved.

Flowmeter

A McCrometer turbine-type flowmeter was used during the pumping test in
June 1995. Subsequently, the primary device used for monitoring discharge was a
differential switched capacitor, vortex flowmeter, manufactured by Endress and
Hauser.

A vortex flowmeter measures the frequency of vortices produced as fluid
flows past a bluff body. The frequency of vortex production is directly proportional
to the flow rate and independent of fluid density. Signal output from the flowmeter
was converted from milliamperes to volts by wiring the flowmeter circuit to a
temperature-compensated, 100-ohm resistor and using a multimeter to measure the
voltage drop across the resistor.

The flowmeter signal was recorded at user-specified intervals by monitoring
software installed on a personal computer (PC) in the office trailer at the C-hole
complex. A regression equation developed on the basis of the flowmeter
calibration was used by the software program to convert the voltage signal from
the flowmeter to a discharge rate. Periodically, discharge recorded by the PC was
checked against total volume pumped (recorded at the wellhead) divided by the
length of pumping. Generally good agreement was maintained between recorded
and computed discharge rates.

Tracer Injection System

A tracer-injection system designed to accommodate a variety of tracer tests
was installed at the C-hole complex (fig. 8). Initially, water is diverted through a
valve in the main discharge line from borehole UE-25 c#3 into two 3,785-liter
storage tanks. Water can be withdrawn from these tanks by a Moyno positive-
displacement pump for mixing with tracer In smaller tanks. Each of the storage and
mixing tanks can be isolated from the rest of the system by manipulation of valves.

The Moyno pump, which under test conditions has a capacity of about 0.4
Us, is used to deliver tracer from the mixing tank to the injection well. A
flowmeter emplaced in the line between the Moyno pump and the injection well
monitors the volume of tracer injected and the rate of injection. A pressure gage
installed in this line is used to ensure that the correct pressure on the tracer-release
("cracking") valve in the injection string is maintained before and during tracer
injection.
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Figure 8 - Pump discharge, tracer Injection, and sample delivery systems used In

the tracer test at the C-hole complex conducted In February and March 1996 (for

tracer tests conducted In 1997, the 1,893-liter mixing tank was replaced by two

946-liter tanks).
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The surface pipeline is connected to 4.22-cm-diameter Hydril tubing, which
is lowered inside the 7.30-cm-diameter instrument-tubing to the injection interval.
Tracer is injected through an open sliding sleeve. To ensure that the injection line is
located at the sliding sleeve, the bottom of the injection tool has a fitting that lands
on a "blanking plug' In the 7.30-cm-diameter tubing at-a precisely measured
distance below the sliding sleeve.

Prior to the start of a tracer test, the injection line is filled with a precisely
measured volume of tracer solution. The pressure on the cracking valve that is
created by the column of fluid in the injection string can be calculated
approximately, by assuming that the fluid has a specific gravity of 1. In practice, a
pressure of about 690 kPa is added to the calculated fluid pressure to account for
the tracer solution being denser than water. The release pressure of the cracking
valve is set to the total calculated pressure on the valve. As water is delivered into
the injection string by the Moyno pump, pressure builds on the relatively small
(0.32-cm-diameter) orifice of the cracking valve, until the release pressure of the
valve is exceeded. When the release pressure is exceeded, the valve opens, and
tracer solution is injected into the test interval. Injection is terminated by shutting
off the Moyno pump and depressurizing the cracking valve until the valve closes.

A drawback of this system is that the small diameter of the cracking valve
orifice prohibits instantaneous tracer injection, although a large volume of tracer
can be injected relatively quickly. In the tracer test conducted from February to
March 1996, It took about 28 minutes, with a pressure of 1,379 kPa above the
release pressure of the cracking valve, to evacuate 681 L of tracer solution
containing 5 kg of tracer from the injection string.

Automated Water Sampler

Sample collection, preparation of samples for analysis, and chemical analyses
of water samples for tracers at the C-hole complex were done inside the "water-
quality trailer" shown in figure S. During tracer tests, water was diverted
continuously from the main discharge line to the water quality trailer through three
1.27-cm-diameter branch lines by manipulation of valves. These three branch lines
rejoin the main discharge line 'downstream" from the water quality trailer.
Pressure is maintained within specified ranges on the lines leading into and out of
the water quality trailer to minimize decreasing discharge from the pumping well as
water is diverted from the main discharge line to the water quality trailer.

A fully automated water sampler was developed for tracer tests at the C-hole
complex. The water sampler is plumbed into one of the three branch lines that
carry water through the water-quality trailer and is powered by a 12 V battery. The
water sampler consists of a metal shell Into which two 81-bottle racks can be
Inserted; a Teflon, screw-drive carriage which can move laterally and longitudinally
over the bottle racks, and a solenoid valve mounted on the carriage (fig. 9). Flow is
routed continuously through the solenoid valve, which at programmed intervals,
opens and allows water to discharge into bottles in the sample rack. The volume of

Instrumentation - S



14~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Fiure' 9-uoae te epe isd'tae et tteC-hol complex

ti



water discharged to a bottle is controlled by programming the solenoid valve to
remain open for a time apprbpriate for the pump discharge and bottle size. Opening
of the solenoid valve is delayed programatically while other, computer-resource-
intensive operations, such as reading transducers, are taking place.

After a sample is discharged, the carriage moves along a row to the next
bottle, or, if at the end of a row, the carriage moves to the next row. Although
normally under control of software installed on a PC in the office trailer, the sampler
carriage can be moved manually to position it at a specific location. As samples are
collected, the date, time, and bottle number of the sample are written to a file on
the PC by the operating software, or recorded by hand if manual samples are
obtained.

Equipment and Procedures For Determining Tracer Chemistry

Water diverted from the UE-25 c#3 discharge line to the automated water
sampler was analyzed for tracer concentrations either in the water-quality trailer at
the C-hole complex (fig. 8) or at the UNLV Harry Reid Center. All chemical
analyses were done using high-pressure liquid chromatography (in accordance with
Nevada Work Instruction, NWI-UNLV-004Q, Rev.0).

In this analytical procedure, a small aliquot of sampled water is injected into
a fixed-volume loop (the size of which depends on required sensitivity) in the high-
pressure liquid chromatograph (HPLC). The Injected water, together with a mobile-
phase solvent (the composition of which varies according to the tracer being
analyzed) is forced by a ternary pump through a reverse-phase chromatographic
column. This column retards the the passage of constituents dissolved in the
sample according to their sorptive properties and results in characteristic "retention
times" for different constituents. Outflow from the column moves through either
an ultraviolet (UV) detector or a fluorescence detector (depending on the tracer
being analyzed). Attenuation of UV light passing through the detector and the
intensity of visible light emitted by a solution when exposed to an electromagnetic
source passing through the detector are proportional to the concentration of
tracers. If tracer is detected, a peak in a chromatogram drawn by an integrator
downline from the detector will occur at a retention time anticipated from
previously run standards. The integrator computes the area under the peak, which
is converted to a concentration by prior calibration of standards.

Each day that water samples were analyzed, three or more standards
bracketing expected tracer concentrations first were analyzed by the HPLC-UV or
HPLC-fluorescence detector to determine areas under the chromatogram peaks
corresponding to the nominal concentrations of the standards. The area counts
corresponding to the standards were regressed as a function of concentration.
The linear relation developed was then used to convert area counts to tracer
concentrations for samples analyzed that day.

For chemical analyses of iodide, a Supelco, Supelcosil C1 8 LC-ABZ (15 cm x
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4.6 mm x 0.46 pm), reversed-phase column and a ChromJet integrator were used.
A Spectra-Physics Spectra 100 variable-wavelength UV detector was used at the
C-hole complex, and a Thermnoseparation Products.SpbctfaSYSTEM UV1000
detector was used at UNLV. Detector wavelengths were set at 230 nm. The
mobile-phase-solvent composition was 55 percent acetonitrile and 45 percent
potassium phosphate at a pH of 2.7. This solvent was circulated continuously
through the HPLC at a rate of 1 milliliter per minute. With a sample injection loop
of 50 L, typical run times to generate a chromatogram peak were 7 minutes.

For chemical analyses of 2,6 difluorobenzoic acid, a Supelco, Supelcosil C18
LC-18, reversed-phase column and a ChromJet integrator were used. A Spectra-
Physics Spectra 100 variable-wavelength UV detector was used at the C-hole
complex, and a Thermoseparation Products SpectraSYSTEM UV1 000 detector was
used at UNLV. Detector wavelengths were set at 230 nm. The mobile-phase-
solvent composition was 75 percent potassium phosphate and 25 percent methanol
at a pH of 2.5. This solvent was circulated continuously through the HPLC at a
rate of 1.5 milliliters per minute. With a sample injection loop of 50 L, typical run
times to generate a chromatogram peak were 7 minutes.

For chemical analyses of 3-carbomoyl-2-pyridone, a Supelco, Supelcosil C1 8
LC-ABZ reversed-phase column, a Thermoproducts SpectraSYSTEM FL2000
fluorescence detector, and a ChromJet integrator were used at the C-hole complex
and at UNLV. The detector wavelength was set at 320 nm for excitation and 370
nm for emission. The mobile-phase-solvent composition was 95 percent water and
5 percent methanol at a pH of 2.7. This solvent was circulated continuously
through the HPLC at a rate of 1 milliliter per minute. With sample injection loops
of 50, 200, and 500 L, typical run times to generate a chromatogram peak were 6
minutes.

Data Acquisition and Instrument Control

Data acquisition from, and control of, the transducers, barometer, flowmeter,
and automated water sampler at the C-hole complex were accomplished with
commercially available, graphic-language software called Labview (Johnson, 1995),
which is installed on the PC in the office trailer. Labview is a Windows-based
application that makes the PC monitor screen look and act like an instrument panel.

In addition to the simulated instrument panel, LABVIEW displays a schematic
command-structure diagram, which is analogous to a wiring scheme. Instructions
are passed by the user to the command-structure diagram and on to the
instrumentation, via buttons and text/numerical input windows on the simulated
instrument panel. Data are passed from the instrumentation back to the command-
structure diagram and displayed numerically and graphically within output windows
on the simulated instrument panel. Portions of the simulated instrument panel and
the command-structure diagram used during the hydraulic and tracer tests
conducted from May 1995 to July 1997, are shown in figures 10 and 1 1.
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Figure 11 - Part of the schematic diagram showing the command structure of the

data acquisition system pertaining to the flowmeter Installed In UE-25 c03, 1995

to 1997
.. i.. - 13
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Two separate programs were written for data acquisition and instrument
control. One program communicates with the transducers, barometer, and
flowmeter; the other proorain communicates with the automated water sampler.
The two programs run simultaneously. Small utility programs (called 'transfer
programs") were written to transfer information back and forth between the two
main programs in order to facilitate synchronization of the automated sampler
operation with data acquisition from the transducers, barometer, and flowmeter.

The program communicating with the transducers, barometer, and flowmeter
processes digital signals from these instruments through the serial-communications
port of the PC, and a digital multimeter. Signals are received through the serial-
communications port of the PC as alphanumeric characters representing either serial
numbers of the instruments, or pressures and temperatures sensed by the
transducers and barometer. The flowmeter signal is processed through a Keithley
multimeter and adaptor board before reaching the PC. Equations written into the
schematic diagram part of the program convert signal output into standard
engineering units. This information Is displayed on the PC monitor screen, written
to a text file on the PC's hard drive, and backed up to a disk drive at user-specified
intervals.

The program communicating with the automated water sampler causes the
sampler to discharge water from a solenoid valve into a sample bottle at user-
specified intervals. The program, also, writes the date, time, and bottle number of
the sample to a text file on the PC's hard drive and backs up this information to a
floppy-disk drive on the PC.

In terms of program logic, the sampler program keeps track of the elapsed
time since the last sampling event and initiates the next sampling event when a
user-specified sampling interval is equaled or exceeded. During each sampling
event, the sampler program first closes the bottle-fill circuit for a few seconds ("the
fill duration"), which opens a solenoid valve that releases water into a sample
bottle. After the fill duration is over, the sampling program reopens the bottle-fill
circuit and terminates the sampling event. After each sampling event, the sampling
program determines the position of the sample bottle within a row of the sample
rack, and either advances the solenoid valve over the next bottle in the row or to
the next row, by engaging one of two sampler motors. Movement of the solenoid
valve laterally and longitudinally is controlled programatically.
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HYDRAUUC TESTS

Hydraulic tests were conducted at the C-hole complex June 12-22, 1995,
February 8-13, 1996, and May 8, 1996 to March 26, 1997. The hydraulic test in June
1995 involved pumping UE-25 c#3, without packers Installed, and observing drawdown
and recovery In six hydrogeologic intervals in UE-25 c#1 and UE-25 c#2 (shown in
figure 5), that were isolated by packers. In February 1996, UE-25 c#3, with packers
installed and inflated to Isolate the Bullfrog-Tram Interval, was pumped for 5 days to
establish a steady-state hydraulic gradient for a tracer test in the Bullfrog-Tram interval.
Drawdown in the Bullfrog-Tram Interval and in all other packed-off intervals of UE-25
c#1 and UE-25 c#2 that responded to this pumping was analyzed. In the third hydraulic
test, UE-25 c#3, with packers inflated to isolate the Lower Bullfrog interval, was
pumped for 322 days before and during a series of tracer tests In the Lower Bullfrog
Interval. Drawdown In the Lower Bullfrog interval and in all other Intervals of UE-25 c#1
and UE-25 c#2 that responded to this pumping was analyzed. Additionally, during the
third hydraulic test, drawdown in UE-25 ONC-1, USW H-4, UE-25 WT#14, UE-25
WT#3, and UE-25 p#1 was monitored to evaluate heterogeneity and scale effects in the
Miocene tuffaceous rocks and to determine If the Miocene tuffaceous rocks and
Paleozoic carbonate rocks are connected hydraulically. Atmospheric pressure was
monitored during the three hydraulic tests with barometers located at the Chole
complex and at borehole UE-25 ONC-1 to remove barometric effects from water-level
changes.

Analytical Methods

Although rock at the C-hole complex Is fractured pervasively, hydrogeologic
Intervals respond to pumping as an equivalent porous medium (Geldon, 1996; Geldon
and others, in review). Because the water table occurs at or near the top of the Calico
Hills Interval at and near the C-hole complex, this interval typically responds to pumping
as an anisotropic, unconfined aquifer. Pervaded by fractures that extend to the water
table, the Prow Pass and Upper Bullfrog Intervals can respond to pumping as either an
unconfined, fissure-block, or confined aquifer. Isolated by intervals of nonfractured
rock, the Lower Bullfrog Interval typically responds to pumping as a confined aquifer.
Recharged by flow from fractures related to faults (identified on lithologic logs prepared
by Richard W. Spengler and Included In a report by Geldon, 1993), the Upper Tram
Interval typically responds to pumping as a leaky, confined aquifer without confining-bed
storage.

Analytical methods used for hydraulic tests discussed in this report are those of
Theis (1935) and Cooper and Jacob (1946), for an infinite, homogeneous, isotropic,
confined aquifer; Neuman (1975), for an Infinite, homogeneous, anisotropic, unconfined
aquifer, and Streftsova-Adams (1978), for a fissure-block aquifer. Assumptions,
equations, and application of these analytical methods In hydraulic tests at the C-hole
complex are discussed by Geldon (1996). All of these methods assume an equivalent
porous medium, but fracture modeling is planned for comparison of results.
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Analysis of drawdown in this study was restricted to observation wells, because
drawdown in pumping wells at the C-hole complex typically is too large and rapid to be
explained solely by hydraulic properties of the pumped Interval (Geldon, 1996). This
observation can be Illustrated by looking at the drawdown in UE-25 c#3 464,000
minutes (322.22 days) after pumping began on May 8, 1996. This drawdown was 599
cm. With hydraulic properties computed for the Lower Bullfrog Interval In UE-25 c#1
and UE-25 c#2 Inserted into an approximation of the Theis (1935) equation given by
(Lohman, 1979), the drawdown In UE-25 c#3 attributable to aquifer characteristics
should have been no more than 69-72 cm after 322.22 days of pumping, or 12 percent
of the recorded drawdown. Most of the drawdown in UE-25 c#3 probably can be
attributed to frictional head loss or 'borehole skin. Therefore, calculation of hydraulic
properties from this drawdown Is not reliable.

All of the methods used for analyzing hydraulic tests in this study assume that
flow from observation wells to the pumping well Is radial. However, in hydraulic tests of
the Bullfrog-Tram interval (February 1996) and the Lower Bullfrog interval (May 1996 to
March 1997), drawdown was observed In the Calico Hills, Prow Pass, and Upper
Bullfrog Intervals, even though these intervals did not contain open screens. For water
to reach the pumping well from the non-screened intervals, a downward component of
flow must be recognized. This downward flow was assumed to be much less than
radial flow to the pumping well, in order to analyze the drawdown from the
nonscreened Intervals by the methods indicated In this section. Hydraulic properties
calculated under this assumption have a high level of confidence, because (as
discussed later) they are consistent with quantitative results of the hydraulic test In June
1995,. In which flow from hydrogeologic intervals In UE-25 c#1 and UE-25 c#2 to UE-25
c#3 was designed to be radial.

Earth Tides and Barometric Effects

Previous monitoring of water levels in observation wells before, during, and after
pumping tests conducted In the C-holes Indicated that all boreholes respond to Earth
tides and atmospheric pressure changes. With frequencies of 0.9 to 2.0 cycles per day
(Galloway and Rojataczer, 1988), Earth tides caused water-level altitudes In the C-
holes to fluctuate as much as 12 cm during a 1O-day hydraulic test conducted at the C-
hole complex from May to June 1995 (Geldon and others, in review). Consequently, in
this study, Earth-tide effects were removed from simultaneously recorded pressure
heads and atmospheric pressures before computing the barometric efficiency of most
borehole Intervals. Earth-tide effects, also, were removed from the records of
observation wells in which drawdown caused by pumping was expected to be obscured
by Earth tides (boreholes USW H-4, UE-25 WT#14, UE-25 WT#3, and UE-25 p#1).
The boreholes requiring an Earth-tide correction to water-level records either are
completed In the Miocene tuffaceous rocks more than 1,500 m from UE-25 c#3 or are
completed In a different aquifer than the C-holes (the Paleozolc carbonate rocks).
Earth-tide effects were removed from records of water levels and atmospheric pressure
by applying a low-pass filter with a cutoff frequency of 0.8 cycles/day to these records.
As shown in figure 12, this filtering removes semi-diumal changes in water levels while
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preserving longer-term trends.

As shown in figure 13, changes in atmospheric pressure In the vicinity of the C-
holes typically produce synchronous (but opposite) changes in the pressure head in
boreholes. The slope of a line fit to a plot of pressure-head change as a function of
atmospheric-pressure change is called the barometric efficiency. Determination of the
barometric efficiency of the Lower Bullfrog interval in UE-25 c#2 is shown in figure 14.
Barometric efficiency values of borehole Intervals for which drawdown was computed
during this study ranged from 0.75 to 0.99 (table 6). Barometric effects were removed
from borehole records by subtracting atmospheric-pressure change, multiplied by
barometric efficiency, from the change In water level to compute drawdown.

Table 6 - Barometric efficiency values determined for borehole Intervals monitored
during hydraulic tests at the C-hole complex. May 1996 to March 1997

Borehole Interval Barometer
Location

Period of Record Barometric
Efficiency

Regression
Coefficient

UE-25 c#1 Prow Pass
Upper Bullfrog
Lower Bullfrog'

UE-25 c#2 Calico Hills
Prow Pass
Upper Bullfrog
Lower Bullfrog'

C-holes
C-holes
C-holes

C-holes
C-holes
C-holes
C-holes

June 23-29,1995
June 24-29.1995
June 23-29,1995

June 23-29,1995
June23-29,1995
June 23-29,1995
June 23-29,1995

0.96
.99
.97

.93
*.93
.93
.91

0.98
.97
.98

.94

.97
* .97

.96

UE-25 c#3 Calico Hills2
Lower Bullfrog
Bullfrog-Tram

C-holes
C-holes
C-holes

February 7-8,1996
May 9-13,11996
Not applicable

.83

.87

.943

.89

.92
Not applicable

UE-25 ONC-1 Prow Pass

USW H-4 Prow Pass to
Lithic Ridge

UE-25 WT#14 Calico Hills

UE-25 WT#3 Lower Bullfrog

ONC-1

ONC-1

C-holes

C-holes

July 1-Sept 13,1995

June 8-12,1995

June 4-12, 1995

June 4-12,1995

.99

.91

.69

.91

.90

.87

.94

.82

UE-25 p#1 Paleozolc
carbonates

C-holes Jan 1-June 20,1986 .75 Not applicable

1. Barometric efficiency of Lower Bullfrog used, also, for Bullfrog-Tram in hydraulic
test February 8-13, 1996

2. Barometric efficiency of Calico Hills used, also, for Calico Hills-Upper Bullfrog in
hydraulic test February 8-13, 1996

3. Barometric efficiency estimated from values for Bullfrog-Tram In UE-25 c#1 and
UE-25 c#2
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Flow Distribution In the C-holes

During hydraulic tests conducted In the C-holes in February 1996 and May 1996
to March 1997, all hydrogeologic Intervals in the C-holes that were being monitored
responded to pumping, regardless of the Interval being pumped. Leakage around
packers could have occurred, although the packers were seated in non-rugose,
sparsely fractured zones, but it is extremely unlikely that all packers failed to seal
property. A more reasonable Interpretation Is that fractures beyond borehole walls are
so interconnected that packers emplaced In the C-holes do not isolate the interval being
pumped from other transmissive Intervals within the volume of aquifer stressed by the
pumping.

Spinner and oxygen-activation flow surveys (fig. 15) were run in UE-25 c#3 during
the hydraulic test In June 1995 to determine the flow distribution In the C-holes under
pumping conditions. However, these flow surveys failed to detect flow from the Prow
Pass interval that was indicated by heat-pulse flowmeter surveys conducted without
pumping In the C-holes in 1991 (Geldon, 1996). Results of the 1991 and 1995 flow
surveys were combined algebraically to estimate a flow distribution during the hydraulic
test in June 1995 that is listed in table 7. This flow distribution was adjusted for the
hydraulic tests conducted in February 1996 and May 1996 to March 1997 (table 7) by
inserting discharge and drawdown values recorded at the same elapsed time in the
three hydraulic tests into the following equation:

P2 =Q, 1.s 52 . (1)
Q 2 XS1

where P. = the proportion of flow determined for a hydrogeologic Interval during
the hydraulic test in June 1995;

P2 = the proportion of flow determined for a hydrogeologic interval during
a hydraulic test In either February 1996 or May 1996 to March 1997;

Q. = the average discharge during the hydraulic test in June 1995;
02 = the average discharge during a hydraulic test in February 1996 or May

1996 to March 1997;
s, = the drawdown in a hydrogeologic interval during the hydraulic test In

June 1995; and
s2 = the drawdown In a hydrogeologic interval during a hydraulic test in

either February 1996 or May 1996 to March 1997.

In the three hydraulic tests discussed in this report, the Lower Bullfrog Interval
consistently contributed about 70 percent of the flow from observation wells to the
pumping well at the C-hole complex; the Upper Tram interval consistently contributed
about 20 percent of this flow; and all other intervals combined contributed about 10
percent of the total flow. To analyze the drawdown in any hydrogeologic Interval, the
total discharge from UE-25 c#3 was first multiplied by the percentage of flow
contributed by the interval being analyzed, In order to avoid calculating erroneously
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large values of transmissivity and storativity (both of which are directly proportional to
discharge).

Table 7 -Interval discharge 5,800 minutes after pumping started, hydraulic
tests In UE-25 c#3, June 1995 to March 1997 [Flow proportion for the
Bullfrog-Tram Interval shown In June 1995 Is the sum of values for the
Lower Bullfrog and Upper Tram intervals; Us, liters per second; cm, centimeters;

E. estimated: NIA. not applicable]

June 1995 February 1996 May 1996 to March 1997
Hydrogeologic Discharge Drawdown Flow Discharge Drawdown Flow Discharge Drawdown Flow

Unit (Us) (cm) % (Us) (cm) % (Us) (cm) %
UE-25 cfl

Calico Hills 22.5 No data 3.8 8.45 No data O.5E 9.72 No data 1.1E
Prow Pass 22.5 43.0 2.9 8.45 14.0 2.5 9.72 14.9 2.3
Upper Bullfrog 22.5 52.1 3.9 8.45 21.6 4.3 9.72 19.2 3.3
Lower Bullfrog 22.5 49.7 68.3 8.45 No data No data 9.72 21.0 66.8
Bullfrog-Tram 22.5 No data 89.4 8.45 19.5 92.7 9.72 N/A NIA
UpperTram 22.5 No data 21.1 8.45 No data No data 9.72 No data 26.5
LowerTram 22.5 No data trace 8.45 No data trace 9.72 No data trace

UE-25 c#2
Calico Hills 22.5 351.7 3.6 8.45 16.4 0.5 9.72 43.0 1.1
Prow Pass 22.5 75.6 2.9 8.45 14.6 1.5 9.72 22.2 2.0
Upper Bullfrog 22.5 62.2 3.9 8.45 25.0 4.2 9.72 26.5 3.8
Lower Bullfrog 22.5 49.4 68.3 8.45 No data No data 9.72 21.9 702
Bullfrog-Tram 22.5 No data 89A 8.45 21.0 93.8 9.72 W1A N/A
UpperTram 22.5 2832 21.1 8.45 No data No data 9.72 No data 22.9
LowerTram 22.5 239.6 trace 8.45 No data trace 9.72 No data trace

Monitoring Network

Borehole UE-25 c#3 was selected as the pumping well for all hydraulic tests
conducted from 1995 to 1997 on the basis of successful performance during two
hydraulic tests conducted In 1984. Boreholes UE-25 c#1 and UE-25 c#2 were used as
observation wells for the hydraulic tests conducted in June 1995 and February 1996.
Boreholes UE-25 c#1, UE-25 c#2, UE-25 ONC-1, USW H-4, UE-25 WT#14, UE-25
WT#3, and UE-25 p#1 were used as observation wells for the hydraulic test conducted
from May 1996 to March 1997. Recording barometers were located at the C-hole
complex during all hydraulic tests; a barometer located at borehole UE-25 ONG-1, also,
was used during the third hydraulic test.

Borehole UE-25 c#3 is 900.4 m deep. The borehole Is cased and grouted to a
depth of 417.0 m. During the hydraulic test In June 1995, UE-25 c#3 did not contain
packers and was open from the Calico Hills to the Lower Tram interval. After packers
were emplaced In August 1995, manipulation of the packers, well screens, and slotted
casing allowed hydraulic communication with the Lower Bullfrog and Upper Tram
Intervals during hydraulic and tracer tests In February and March 1996 and with the
Lower Bullfrog Interval from May 1996 to July 1997.

Hydralic Tests -9



intervals during hydraulic and tracer tests In February and March 1996 and with the
Lower Bullfrog Interval from May 1996 to July 1997.

Borehole UE-25 c#2 is 30.4 m from UE-25 c#3 at the land surface and 910.1 m
deep. It is cased and grouted to a depth of 416.0 m. Five dual-mandrel packers,
suspended on 7.30-cm-diameter tubing, were emplaced in the borehole to Isolate
hydrogeologic intervals throughout the period of testing discussed In this report.
Manipulation of packers and well screens allowed hydraulic communication with all six
hydrogeologic Intervals shown in figure 5 In June 1995, with the Lower Bullfrog and
Upper Tram intervals In February and March 1996, and with the Lower Bullfrog interval
from May 1996 to July 1997.

Borehole UE-25 c#1 Is 68.4 m from UE-25 c#3 at the land surface and is 897.6 m
deep. It Is cased and grouted to a depth of 417.9 m. Five dual-mandrel packers,
suspended on 7.30-cm-diameter tubing, were emplaced in the borehole to Isolate
hydrogeologic Intervals throughout the period of testing discussed in this report.
Manipulation of packers and well screens allowed hydraulic communication with the
Calico Hills, Prow Pass, Upper Bullfrog, and Lower Bullfrog Intervals In June 1995, with
the Lower Bullfrog and Upper Tram intervals in February and March 1996, and with the
Lower Bullfrog Interval from May 1996 to July 1997.

Borehole UE-25 ONC-1 (Nye County Nuclear Waste Repository Project Office,
1995) is 842.8 m from borehole UE-25 c#3 at the land surface and Is 469.4 m deep
(about 36.3 m below the water level In the borehole). The borehole Is telescoped
downward and has a diameter of about 13 cm in the saturated zone. Seven packers
Inflated between the bottom of casing and a depth of 410 m separate the unsaturated
and saturated zones; another packer emplaced at a depth of 452 m divides the
saturated zone Into two Intervals. The upper of the saturated-zone Intervals Is open in
the Calico Hills Formation and Prow Pass Tuff; the lower of these Intervals Is open In
the Prow Pass Tuff. Absolute transducers, Installed In all packed-off Intervals,
transmitted total (atmospheric and hydraulic) pressures to a data logger every 15
minutes during this study. Data from the lowermost transducer, which Is at a depth of
458 m, were converted to pressure heads for analysis.

Borehole USW H-4 (Graves and others, 1997), which Is 2,245 m from borehole
UE-25 c#3 at the land surface, Is 1,219 m deep. The borehole diameter Is 37.5 cm to a
depth of 564 m and 22.2 cm below 564 m. Casing extends to a depth of 561 m; It Is
perforated below the water level, which was at an average depth of 518.3 m from 1985
to 1995. A packer emplaced at a depth of 1,1 81 m separates the Prow Pass, Bullfrog,
and Tram Tuffs and the upper part of the Lithic Ridge Tuff from the lower part of the
Lithic Ridge Tuff In the borehole. A 48-mm-diameter piezometer tube Is Installed in the
upper part of the borehole, and a 62-mm-diameter plezometer tube Is installed In the
lower part of the borehole. Differential transducers In the two monitored Intervals
sensed hydraulic pressures, which were recorded by a data logger every 15 minutes
during this study. Only the data from the upper Interval were converted to water-level
altitudes for analysis.
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Borehole UE-25 WT#14 (Graves and others, 1997), which Is 2,249 m from
borehole UE-25 c#3 at the land surface, is 399 m deep. The borehole has a diameter
of 22.2 cm below the water table, which was at an average depth of 346.4 m from 1985
to 1995. The borehole is cased to a depth of 37 m and is open in the Topopah Spring
Tuff and Calico Hills Formation. A 62-mm-diameter piezometer tube Is installed in the
borehole. Hydraulic pressures sensed by a differential transducer were recorded by a
data logger every 15 minutes during this study and subsequently converted to water-
level altitudes for analysis.

Borehole UE-25 WT#3 (Graves and others, 1997), which is 3,526 m from
borehole UE-25 c#3 at the land surface, Is 348 m deep. The borehole has a diameter
of 22.2 cm below the water table, which was at an average depth of 300.5 m from 1985
to 1995. The borehole Is cased to a depth of 12 m and Is open In the Bullfrog Tuff. A
62-mm-diameter plezometer tube Is installed In the borehole. Hydraulic pressures
sensed by a differential transducer were recorded by a data logger every 15 minutes
during this study and subsequently converted to water-level altitudes for analysis.

Borehole UE-25 p#1 (Graves and others, 1997), which Is 630 m from borehole
UE-25 c#3 at the land surface, Is 1,805 m deep. The borehole diameter decreases
from 37.5 to 15.6 cm with depth. Casing and cement emplaced to a depth of 1,297 m
Isolate Miocene tuffaceous rocks In the upper part of the borehole from Paleozoic
carbonate rocks In the lower part of the borehole. The water-level altitude for the
Paleozoic carbonate rocks In UE-25 p#1 Is monitored through a 38-mm-diameter
plezometer tube. The average depth to water from 1985 to 1995 was 361.8 m.
Hydraulic pressures sensed by a differential transducer were recorded by a data logger
every 60 minutes during this study and subsequently converted to water-level altitudes
for analysis.

Description of Tests

A hydraulic test was conducted In June 1995 to determine hydraulic properties of
the six hydrogeologic Intervals at the C-hole complex that are shown In figure 5. The
six Intervals were isolated by packers In boreholes UE-25 c#1 and UE-25 c#2. Well
screens opened in the packed-off Intervals of the observation wells allowed hydraulic
communication with the pumping well, UE-25 c#3, which was uncased and contained
no packers to Isolate Intervals. Because of malfunctioning transducers, analyzable data
were obtained only from the Prow Pass, Upper Bullfrog, and Lower Bullfrog Intervals of
UE-25 c#1 and the Calico Hills, Prow Pass, Upper Bullfrog, and Lower Bullfrog Intervals
of UE-25 c#2. The hydraulic test started on June 12 at 14:23:59 and ended after 5,803
minutes (4.03 days) on June 16 at 15:06:53. Recovery was monitored until June 29, by
which time It appeared to be complete In all intervals. At an average discharge rate of
22.5 1/s, drawdown In UE-25 c#3 rapidly increased to more than 10 m and reached a
maximum of 10.9 m (fig. 16). The pumping In UE-25 c#3 produced drawdown ranging
from 43.0 to 52.1 cm In Intervals of UE-25 c#1 (fig. 17) and from 49.4 to 352 cm In
Intervals of UE-25 c#2 (fig. 18).
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Figure 17 - UE-25 c#1 drawdown, June 12-16, 1995
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Figure 18 - UE-25 c02 drawdown, June 12-16, 1995
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The most permeable Interval Identified In the hydraulic test conducted in June
1995, the Lower Bullfrog interval, was chosen for subsequently planned tracer tests at
the C-hole complex to Increase the chance of successful transport of tracers between
the Injection and recovery wells. Because the transducer in the Lower Bullfrog interval
of UE-25 c#3 was not working, the packers between the Lower Bullfrog and Upper
Tram Intervals in all three of the Choles were deflated, and the combined Lower
Bullfrog and Upper Tram Intervals (shown In figure 5 as the Bullfrog-Tram interval)
became the test Interval for the next series of tests.

After testing pump performance in January 1996 and allowing water levels in the
C-holes to recover, pumping to establish a steep, quasi-steady-state hydraulic gradient
between UE-25 c#2 (the Injection well) and UE-25 c#3 (the recovery well) for a
conservative tracertest began on February 8, 1996 at 13:54:45. Tracer injection
occurred on February 13 at 10:18:22. The tracer Injection disturbed the hydraulic
pressure In the Injection Interval for 750 minutes and effectively terminated the
analyzable drawdown record. The 6,984 minutes (4.85 days) of drawdown recorded
between the start of pumping and the Injection of tracer were analyzed as a hydraulic
test.

During the hydraulic test in February 1996, operation of the pump outside of its
optimal performance range caused the discharge to decrease steadily, despite an
adjustment of the pump speed on February 12, 5,640 minutes after pumping started.
Prior to this adjustment, discharge decreased from 8.78 to 8.21 Us. Adjusting the
pump speed restored the discharge to 8.75 Us, but it immediately began to decrease
and was 8.57 Us when the tracer test started on February 13 (fig. 19). Although
average discharge after adjusting the pump speed was 0.10 Us larger than before this
adjustment, deviation from the average discharge of 8.49 Us was just 3 percent for the
entire period of pumping.

As shown in figure 19, the pumping produced as much as 2.86 m of drawdown in
the Bullfrog-Tram interval of UE-25 c#3 (96 percent of which occurred In the first 10
minutes). Adjustment of the pump speed caused a step-like increase of 0.19 m In UE-
25 c#3 drawdown , but i had no discernible effect on drawdown In the other C-holes.
Although oscillatory, drawdown In UE-25 c#1 steadily Increased and ranged from 14.3
to 22.1 cm in the Prow Pass, Upper Bullfrog, and Lower Bullfrog Intervals (fig. 20).
Although oscillatory, drawdown In UE-25 c#2 steadily Increased and ranged from 14.9
to 25.3 cm In the Calico Hills, Prow Pass, Upper Bullfrog, and Lower Bullfrog Intervals
(fig. 21). Steady increases in observation-well drawdown, together with.small deviation
from the average discharge, enabled the observation-well drawdown to be considered
as a single-cycle response to pumping for the entire period before tracer Injection.

After the tracer test In the Bullfrog-Trarn interval ended in March 1996, a new
transducer was installed In the Lower Bullfrog Interval of UE-25 c#3, and packers in the
borehole were reconfigured. Subsequently, it was possible to conduct hydraulic and
tracer tests In just the Lower Bullfrog Interval. With nearly continuous pumping, a series
of tracer tests was conducted In the Lower Bullfrog Interval by the USGS and Los
Alamos National Laboratory from May 1996 to July 1997.
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Pumping to establish a steep, quasi-steady-state hydraulic gradient between
Injection wells (UE-25 c#1 and UE-25 c#2) and the recovery well (UE-25 c#3) for
conservative and reactive tracer tests In the Lower Bullfrog Interval began May 8, 1996
at 11:16:57. From May 24, 1996 to March 26, 1997, the pump shut off 11 times
because of problems with the generators that provide power to the pump. On March
26,1997, at about 17:52, the pump shut off because of generator problems, which
were not resolved fully until May 8, 1997. The prolonged period of unsteady pump
discharge effectively ended the drawdown record that could be analyzed as a hydraulic
test, even though tracer tests In progress during this time were affected minimally by
the mechanical problems. The analyzable drawdown record from May 8, 1996 to
March 26,1997 Is 464,134 minutes (322.32 days) long. With down times of 2 to 185
minutes, the pump was off 649 minutes during this period (about 0.1 percent of the
period). Discharge between May 1996 and March 1997 initially oscillated between 9.6
and 9.8 Us, eventually stabilized at about 9.4 Us, and averaged 9.53 U/s (fig. 22).

As In previous hydraulic tests, drawdown In the pumped well was large and
reached steady-state rapidly (fig. 22). Drawdown in the Lower Bullfrog Interval of UE-25
c#3 reached 4.8 m In 60 minutes and remained at 4.85-5.0 m until October 16,1996,
232,000 minutes after pumping started. For unknown reasons, drawdown began
Increasing steadily after 232,000 minutes of pumping and was 5.98 m on March 26,
1997. As shown In figure 22, the 11 pump shutoffs from May 1996 to March 1997
typically caused rapid and complete or nearly complete recovery in UE-25 c#3, but
these effects were reversed just as rapidly when the pump was restarted. Tracer test
operations minimally affected drawdown In the pumped well.

Drawdown in response to pumping the Lower Bullfrog Interval of UE-25 c1f3 is
known to have occurred In the Prow Pass, Upper Bullfrog, and Lower Bullfrog Intervals
of UE-25 c#1 and In the Calico Hills, Prow Pass, Upper Bullfrog, and Lower Bullfrog
Intervals of UE-25 c#2. Drawdown In all Intervals of these boreholes generally
increased steadily but was very oscillatory. Peak drawdown by March 26, 1997, ranged
from about 36 to 42 cm In Intervals of UE-25 c#1 (fig. 23). Concurrently, peak
drawdown ranged from about 35 to 51 cm In Intervals of UE-25 c#2 (fig. 24).

Disruptions of drawdown In the Lower Bullfrog and other Intervals of UE-25 c#1
and UE-25 c#2 occurred from pump shutoffs 11 times between May 1996 and March
1997. Pump shutoffs (most of the unlabeled downward spikes In figures 23 and 24)
generally resulted In 2G-50 percent recovery of water levels. However, these effects
dissipated 50 to 500 minutes after the pump was restarted and did not affect analysis of
the drawdown.

Recirculation of water during tracer tests generally caused small decreases in
drawdown In the Lower Bullfrog Interval of UE-25 c#1 or decreases followed by
increases In drawdown In the Lower Bullfrog Interval of UE-25 c#2 at the start and end
of recirculation, that generally lasted 70 to 560 minutes. However, recirculation of water
In UE-25 c#1 from June 17 to July 3, 1996 to facilitate transport of Iodide tracer
between the injection and recovery wells caused drawdown in the Lower Bullfrog
interval of UE-25 c#1 to decrease in steps for 23,350 minutes (figs. 23 and 25A).
Pumping water Into UE-25 c#1 faster than it could drain probably caused the drawdown
to decrease. Periodic Increases in the Injection pump rate caused this decrease to
occur In steps.
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Tracer Injection during four tests that were conducted between.May 1996 and
July 1997 caused increased drawdown In the Lower Bullfrog Interval of UE-25 c#1 or
UE-25 c#2, that generally lasted 180 to 750 minutes. However, following injection of
2,6 difluorobenzolc acid tracer Into UE-25 c#2 on January 10, 1997, drawdown in the
Lower Bullfrog Interval of UE-25 c#2 remained high for 8,360 minutes (figs. 24 and
25B). Increased drawdown could have resulted from opening fractures within an
unknown (probably small) radius of the Injection well, because enlarged fractures would
have allowed water to drain from the well faster. Lowered hydraulic heads associated
with the dense Injectate as It slowly drained from UE-25 c#2, also, could have produced
the observed water-level changes In UE-25 c#2.

Hypotheses regarding disturbances from tracer-test operations are not testable
and, therefore, are presented only for consideration. It is important to note that (1)
tracer-test operations conducted In one borehole generally did not affect drawdown in
other boreholes; and (2) disturbances from tracer-test operations did not affect
analyses of drawdown In UE-25 c#1 and UE-25 c#2.

Events, of unknown, possibly human origin, caused hydraulic heads In the Lower
Bullfrog interval of UE-25 c#1 and UE-25 c#2 to rise 5 to 8 cm from June 1 to 11, 1996
(a period of 14,800 minutes), and from November 6 to 14, 1996 (a period of 11,900
minutes). Because six observation wells within 3.5 km of UE-25 c#3 showed similar
rises in hydraulic head, the events that produced these disturbances could not have
been local in scale. Because there were no recorded earthquakes in the vicinity of the
Nevada Test Site at the time of these disturbances (U.S. Geological Survey National
Earthquake Information Center, oral commun., 1997), It is possible that unreported
operations on the Nevada Test Site could have caused the observed changes in
hydraulic head. Whatever the origin, the unkown events did not affect analysis of
drawdown data.

Pumping In the Lower Bullfrog interval of UE-25 c#3 from May 1996 to March
1997 caused drawdown In all four of the observation wells beyond the C-hole complex
that are completed In Miocene tuffaceous rocks (fig. 26). As In UE-25 c#1 and UE-25
c#2, drawdown In the four outlying observation wells was very oscillatory. Drawdown In
these wells was not affected by pump shutoffs or tracer test operations.

Drawdown In UE-25 ONG-1, the nearest observation well to the C-holes, was
detected 200 minutes after pumping started and increased steadily thereafter. Peak
drawdown by March 26,1997, was about 28 to 30 cm.

Borehole UE-25 WT#3, the farthest observation well from the C-holes, responded
similarly to the C-holes and UE-24 pNC-1. Drawdown in UE-25 WT#3 was detected
9,130 minutes after pumping started. Peak drawdown by March 26,1997 was about 14
to 16 cm. Drawdown In UE-25 WT#3 was more oscillatory than in the other observation
wells after 240,000 minutes of pumping, possibly because (1) UE-25 WT#3 was much
farther from the pumping well than the other observation wells and affected by
environmental stresses that did not extend to the other wells; and (2) pumping-related
water-level changes In UE-25 WT#3 were much smaller than in the other observation
wells and, therefore, harder to separate from barometric and Earth-tide effects.

Water-level changes In USW H-4 and UE-25 WT#14 similarly were caused by
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borehole-storage release during the first 5,000 minutes of pumping and stabilized after
72,000 minutes In response to flux from a recharge boundary. Recharge boundaries
for both boreholes are Inferred to be faults because there are no lateral changes to
more permeable rocks near these boreholes, but there are numerous faults near USW
H-4, and UE-25 WT#14 Is located near several segments of the Paintbrush Canyon
Fault. Furthermore, flattening of drawdown In USW H-4 and UE-25 WT#14 resembles.
the response of the Tram Interval In UE-25 c#1 during a hydraulic test in 1984, which
Geldon (1996) attributed to recharge from faults that intersect the interval. Drawdown
In USW H-4 peaked at about 22 cm and stabilized at about 19 cm. Drawdown in UE-25
WT#14 peaked at about 15 cm and stabilized at about 8.5 cm.

HYDRAULIC TESTS

Hydraulic tests at the C-hole complex from 1995 to 1997 revealed much about
the ability of hydrogeologic Intervals In the C-holes and the Miocene tuffaceous rocks In
the vicinity to store and transmit water. However, it must be emphasized that hydraulic
properties computed from these tests pertain only to the structural setting in which the
tests were conducted. The Lower Bullfrog interval Is the most permeable interval at the
C-holes because It is located In these boreholes where two Intersecting faults have
caused Intense fracturing. The Calico Hills Interval Is the least permeable Interval In the
C-holes because it Is the farthest Interval vertically from faults that Intersect these
boreholes. In a different structural setting, the Lower Bullfrog, Calico Hills, and
other Intervals of the Miocene tuffaceous rocks would be expected to have
different hydraulic properties than Indicated at the C-hole complex. For example,
the Bullfrog Tuff yielded very little of the water produced from the Miocene tuffaceous
rocks during a tracejector flow survey of UE-25 p#1 (Craig and Robison, 1984), and the
Calico Hills Formation yielded 32 percent of the water produced from the Miocene
tuffaceous rocks during a tracejector flow survey of UE-25 b#1 (Lahoud and others,
1984). Cross-hole hydraulic tests are needed at several sites on Yucca Mountain to
extrapolate hydraulic properties of the Miocene tuffaceous rocks beyond the Immediate
vicinity of the C-hole complex.

Because of time constraints, hydraulic properties are presented In this report in
the Inch/pound units in which data were obtained and analyzed. Interested readers can
use the table at the beginning of the report to convert to metric units.

Calico Hills Interval

The Calico Hills Interval responded In most hydraulic tests, Including one
conducted from May to June 1984 (Geldon, 1996), as an unconfined aquifer. In four
tests conducted from 1984 to 1997, the Calico Hills Interval consistently was
determined to be the least permeable Interval In the C-holes (table 8). The hydraulic
test in May and June 1984 Indicated that the Calico Hills Interval In UE-25 c#1 has
transmissivity of 100 ft2/d, horizontal hydraulic conductivity of 0.5 ftld, vertical hydraulic
conductivity of 1 ft/d, and a specific yield of 0.003 (Geldon, 1996). The hydraulic test in
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Table 8 - Results of hydraulic tests in borehole UE-25 c#3, June 1995 to March 1997
(nd, no data; na, not applicable; est, estimated to be the same as values obtained from
a hydraulic test In May 1984)

Starting date 6112/95 218/96
UE-25 c#1

2/8/96 5/8/96

Callco Hills
Analyzed data
Period of record (minutes)
Aqulfer type
Transmissive thickness (feet)
Distance from pumping well (feet)
Average discharge (gallons/mInute)
Transmissivity (feet squared/day)

Horizontal hydraulic conductivity (feet/day)
Vertical hydraulic conductivity (feet/day)
Storativity (dimensionless)
Specific yield (dimensionless)

None
na

Unconfined
198
257
13.5.

100(est)
0.5(est)
1 (est)

nd
0.003(est)

None
na

Unconfined
198
257
0.7

* 100(est)
0.5(est)
1(est)

nd
0.003(est)

None
na

Unconfined
198
257
1.7

100(est)
0.5(est)
I(est)

nd
0.003(est)

Prow Pass
Analyzed data
Period of record (minutes)
Aquifer type
Transmissive thickness (feet)
Distance from pumping well (feet)
Average discharge (gallons/minute)
Transmissivity (feet squared/day)
Horizontal hydraulic conductivity (feet/day)
Vertical hydraulic conductivity (feet/day)
Storativity (dimensionless)
Specific yield (dimensionless)

Drawdown
5,800

Confined
62

266
10.3
600
10
nd

0.0003.
nd

Drawdown
7,000

Unconfined
62

266
3.4
500
8
ind

0.00005
nd

Drawdown
7,000

Confined
62

266
3A
600
10
nd

0.0004
nd

Drawdown
464,100
Confined.

62
266
3.5
500

8
nd

0.0002
nd

Upper Bullfrog
Analyzed data
Period of record (minutes)
Aquifer type
Transmissive thickness (feet)
Distance from pumping well (feet)
Average discharge (gallons/minute)
Transmissivity (feet squared/day)
Horizontal hydraulic conductivity (feet/day)
Vertical hydraulic conductivity (feet/day)
Storativity (dimensionless)
Specific yield (dimensionless)

Recovery
5,700

Confined
151
273
13.9

1,000
6
nd

0.00006
nd

Drawdown
7,000

Unconfined
151
273
5.8
400

3
2

0.0009
0.002

Drawdown
464,100

Fissure-block
151
270
5.0
500

4/.00005*
nd

O.O01/.0009*
nd

Hydraulic Tests -26



Starting date

Bullfrog-Tram
Analyzed data
Period of record (minutes)
Aquifertype
Transmissive thickness (feet)
Distance from pumping well (feet)
Average discharge (gallonstninute)
Transmissivity (feet squared/day)

Horizontal hydraulic conductivity (feet/day)
Vertical hydraulic conductivity (feet/day)
Storativity (dimensionless)
Specific yield (dimensionless)

6112/95

na
na
na
na
na
na
na
na
na
na
na

2/8196
UE-25 c#1

Drawdown
7,000

Confined
369
283

124.2
27,000

70
nd

0.0003
nd

518196 5181M6

na
na
na
na
na
na
na
na
na
na
na

Lower Bullfrog
Analyzed data
Period of record (minutes)
Aqulfertype
Transmissive thickness (feet)
Distance from pumping well (feet)
Average discharge (gallons/minute)
Transmissivity (feet squared/day)

Horizontal hydraulic conductivity (feet/day)
Vertical hydrautlc conductivity (feet/day)
Storativity (dimensionless)
Specific yield (dimensionless)

UpperTram
Analyzed data
Period of record (minutes)
Aquifertype
Transmissive thickness (feet)
Distance from pumping well (feet)
Average discharge (gallons/minute)
Transmissivity (feet squared/day)

Horizontal hydraulic conductivity (feet/day)
Vertical hydraulic conductivity (feel/day)
Storativity (dimensionless)
Specific yield (dimensionless)

Recovery
6,300

Confined
206
281

243.3
19,000

90 '
nd

0.0004
nd

None
na

Leaky
163
285
75.2
nd
nd
nd
nd
nd

None
na

Confined
206
281
nd
nd
nd
nd
nd
nd

None
na

Leaky
163
285
nd
nd
nd
nd
nd
nd

Drawdown
464,100
Confined

206
281

100.9
18,000

50
nd

0.0002
nd

Drawdown
464,100

Fissure-block
206
281

100.9
14,000

704.001^
nd

0.0002/.002*
nd

None
na

Leaky
163
285
40.0
9,000

40
nd

0.0001
nd
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Starting date 6112195

Calico Hills
Analyzed data
Period of record (minutes)
Aquifer type
Transmissive thickness (feet)
Distance from pumping well (feet)
Average discharge (gallons/minute)
Transmissivity (feet squared/day)

Horizontal hydraulic conductivity (feetIday)
Vertical hydraulic conductivity (feet/day)
Storativity (dimensionless)
Specific yield (dimensionless)

Drawdown
5E800

Unconfined
149
D5

13.5
60
0.4
nd

0.0002
nd

2/8196
UE-25 c#2

Drawdown
7.000

Confined
149
95
0.7
100
0.7
nd

0.0006
nd

518196

Drawdown
464.100

Unconfined
149
95
1.7
40
0.3

0.04
0.0003

0.4

Prow Pass
Analyzed data
Period of record (minutes)
Aquifer type
Transmissive thickness (feeS)
Distance from pumping well (feet)
Average discharge (gallons/minute)
Transmissivity (feet squared/day)

Horizontal hydraulic conductivity (feet/day)
Vertical hydraulic conductivity (feet/day)
Storativity (dimensionless)
Specific yield (dimensionless)

Upper Bullfrog
Analyzed data
Period of record (minutes)
Aquifer type
Transmissive thickness (feet)
Distance from pumping well (feet)
Average discharge (gallons/minute)
Transmissivity (feet squarediday)

Horizontal hydraulic conductity (feet/day)
Vertical hydraulic conductivity (feet/day)
Storativity (dimensionless)
Specific yield (dimensionless)

Drawdown
5,800

Confined
78
94

. 10.3
400

6
. nd
0.0004

nd

Drawdown
5,800

Confined
79.
94

13.9
1,100

10
nd

0.00003
nd

Drawdown
7,000

Confined
78
94
2.0
300
4
nd

0.003
nd

Drawdown
7,000

Confined
79
94
5.6

1,100
10
nd

0.00002
nd

Drawdown
464,100
Confined

78
94
3.0
300
4
nd

0.0008
nd

Drawdown
464,100
Confined

79
94
5.8
900
10
nd

0.00002
nd
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Starting date 6/12195 2/96 5/8/96 5/896
UE-25 c#2

Bullfrog-Tram
Analyzed data na Drawdown na
Period of record (minutes) na 7,000 na
Aquifer type na Confined na
Transmissive thickness (feet) na 168 na
Distance from pumping well (feet) na 95 na
Average discharge (gallons/minute) na 125.7 na
Transmissivity (feet squared/day) na 27,000 na
Horizontal hydraulic conductivity (feet/day) na 160 na
Vertical hydraulic conductivity (feet/day) na nd na
Storativity (dimensionless) na 0.002 na
Specific yield (dimensionless) na nd na

Lower Bullfrog
Analyzed data Drawdown None Drawdown Drawdown
Period of record (minutes) 5,800 na 464,100 464,100
Aquifer type Confined Confined Confined Fissure-block
Transmissive thickness (feet) 98 98 98 98
Distance from pumping well (feet) 96 96 96 96
Average discharge (gallonstminute) 243.3 nd 106.1. 106.1
Transmissivtty (feet squared/day) 20,000 nd 17,000 14,000
Horizontal hydraulic conductivity (feet/day) 210 nd 170 140/.004*
Vertical hydraulic conductivity (feetIday) nd nd nd nd
Storativity (dimensionless) 0.003 nd 0.001 0.002/.02,
Specific yield (dimensionless) nd nd nd nd

Upper Tram
Analyzed data None None None
Period of record (minutes) na na na
Aquifer type Leaky Leaky Leaky
Transmissive thickness (feet) 70 70 70
Distance from pumping well (feet) 97 97 97
Average discharge (gallons/minute) 752 nd 34.6
Transmissivity (feet squared/day) nd nd 10,000
Horizontal hydraulic conductivity (feet/day) :nd nd 150
Vertical hydraulic conductivity (feet/day) nd nd nd
Storativity (dimensionless) nd nd 0.001
Specific yield (dimensionless) nd nd nd

First number Is for fractures; second, for
matrix
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June 1995 Indicated that the Calico Hills interval In UE-25 c#2 has transmissivity of 60
feld, horizontal hydraulic conductivity of 0.4 ft/d, and storativity of 0.0002. Hydraulic
tests conducted In February 1996 and from May 1996 to March 1997 generally
supported the previous analyses. A representative plot Indicating a match between the
data and one of the type curves of Neuman (1975) for an unconfined, anisotropic
aquifer is shown in figure 27.

Prow Pass Interval

The Prow Pass interval generally responded to hydraulic tests conducted from
June 1995 to March 1997 as a confined aquifer (table 8). The hydraulic test In June
1995 indicated that the Prow Pass Interval in UE-25 c#1 has transmlssivity of 600 fte/d,
hydraulic conductivity of 10 ft/d, and storativity of 0.0003. The same hydraulic test
Indicated that the Prow Pass Interval in UE-25 c#2 has transmissivity of 400 feed,
hydraulic conductivity of 6 ft/d, and storativity of 0.0004. Hydraulic tests conducted in
February 1996 and from May 1996 to March 1997 generally supported the previous
analyses. A representative plot Indicating a match between the data and the type curve
of Theis (1935) for a confined, Isotropic, homogeneous aquifer Is shown In figure 28.

Upper Bullfrog Interval

The Upper Bullfrog Interval responded to all hydraulic tests conducted In
UE-25 c#2 as a confined aquifer (table 8). These tests consistently Indicated
transmissivity of 900 to 1,100 ft2/d, hydraulic conductivity of 10 ft/d, and storativity of
0.00002 to 0.00003. A representative plot indicating a match between the data and the
type curve of Theis (1935) for a confined aquifer Is shown in figure 29.

Although the hydraulic test In June 1995 produced consistent results for the
Upper Bullfrog interval of UE-25 c#1 and UE-25 c#2 (table 8), longer tests in February
1996 and May 1996 to March 1997 Indicated that either gravity drainage or flow from
matrix to fractures significantly Influences advection In the Upper Bullfrog interval
between UE-25 c#1 and UE-25 c#3. The pumping In June 1995 probably was not
sufficiently long for the delayed-yield effects observed In subsequent tests to develop.
The hydraulic tests in which delayed-yield effects were observed consistently indicated
that the Upper Bullfrog interval In UE-25 c#1 has transmissivity of 400 to 500 ft2/d
(about half of what would be computed by assuming a confined aquifer). These tests,
also, Indicated horizontal hydraulic conductivity of 3 ft/d (about the same as that of the
fractures) and storativity of 0.0009 (the same as that of the matrix). A plot indicating a
match between data from the Upper Bullfrog Interval In UE-25 c#1 and one of the type
curves of Streltsova-Adams (1978) for a fissure-block aquifer Is shown In figure 29.

Lower Bullfrog Interval

The undisturbed drawdown In the Lower Bullfrog Interval of UE-25 c#: and UE-25
c#2 during the hydraulic test conducted from May 1996 to March 1997 can be

Hydraulic Tests -30



.-

EXPLANATION

LPATA |W

Figure 27 - Analysis of drawdown In the Calico Hills interval of UE-25 c#2, May 8,

1996 to March 26, 1997 by the method of Neuman (1975)
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Figure 28 - Analysis of drawdown In the Prow Pass Interval of UE-25 01, June

12-16, 1995 by the method of Thels (1935)
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UE-25 C12, JUNE 12-16, 1995

Figure 29 - Analysis of drawdown In the Upper Bullfrog Interval: (A), UE-25 c#2,
June 12-16, 1995 by the method of Theis (1935); (B), UE-25 c#1, May 8, 1996
to March 26, 1997 by the method of Streltsova-Adams (1978)
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Interpreted in several ways that were not evident from previous hydraulic tests of much
shorter duration. Although previous tests indicated a confined-aquifer response, the
test beginning in May 1996 progressed long enough fora double-humped drawdown
curve, characteristic of a fissure-block aquifer, to develop. From 158,000 minutes after
pumping started In May 1996 to the end of the hydraulic test (464,100 minutes after
pumping started), drawdown In UE-25 c#1 and UE-25 c#2 was more than could be
anticipated on the basis of the earlier drawdown for long periods [using the equation of
Theis (1935) to extrapolate drawdown]. The oscillatory pattern of drawdown In the C-
holes after 158,000 minutes of pumping can be interpreted to Indicate that the
spreading cone of depression encompassed volumes of the Lower Bullfrog that
alternately were less transmissive or as transmissive as the Lower Bullfrog In the C-
holes.

Values of transmissivity computed for the Lower Bullfrog interval are significantly
different depending on whether the Interval is considered a confined aquifer or a
fissure-block aquifer (table 8). In UE-25 c#1 and UE-25 c#2, transmissivity is 17,000 to
18,000 ft2/d if the Lower Bullfrog is analyzed as a confined aquifer (fig. 30) and 14,000
ft2/d If the Lower Bullfrog Is analyzed as a fissure-block aquifer (fig. 31). Although the
two analytical solutions produce equally plausible results, the fissure-block aquifer
solution is consistent with tracer tests discussed later In this report, that Indicate dual
porosity In this Interval.

The fissure-block aquifer solution, which gives a lower transmissivity value,
utilizes the delayed yield, or udouble hump", response exhibited by the data at late time,
when the rock mass far away from the C-hole complex Is being stressed by pumping.
The Theis solution on the other hand, which gives a larger transmissivity value, can be
fit to the data even if only the early-time data were present, when the rock mass close
to the C-hole complex Is being stressed by pumping. These two results taken together
can be interpreted to mean that transmisshvty In the Lower Bullfrog decreases with
distance from the C-hole complex.

Values of hydraulic conductivity and storativity are considerably larger In the rock
mass between UE-25 c#2 and UE-25 c#3 than In the rock mass between UE-25 c#1
and UE-25 c#3. The hydraulic conductivity of the Lower Bullfrog interval Is 170 ft/d in
UE-25 c#2 and 90 ft/d In UE-25 c#1. The storativity of-the Lower Bullfrog Interval Is
0.001 In UE-25 c#2 and 0.0002 in UE-25 c#1 (The hydraulic conductivity and storativity
of the Interval in both boreholes Is about the same as that of the fractures In the Interval
In both boreholes).

Upper Tram Interval

The Upper Tram Interval was known from hydraulic tests conducted in 1984 to
respond to pumping as a leaky aquifer without confining-bed storage because of
recharge from faults that intersect the C-holes in this interval (Geldon, 1996). Although
hydraulic properties of the Upper Tram Interval could not be determined directly during
tests conducted during this study (because of transducer malfunction), they could be
calculated algebraically by subtracting values of hydraulic properties determined for the
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Figure 30 - Analysis of drawdown May 8, 1996 to March 26, 1997 in the Lower
Bullfrog Interval of UE-25 c#1 by the method of Thels (1935)

Figure 31 - Analysis of drawdown May 8, 1996 to March 26, 1997 in the Lower
Bullfrog interval.of UE-25 c#1 by the method of Streltsova-Adams (1978)
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Lower Bullfrog interval from those determined for the Bullfrog-Tram Interval (table 8).
These calculations Indicate transmissivity of 9,000 ft2/d, hydraulic conductivity of 40 ft/d,
and storativity of 0.0001 In the Upper Tram Interval of UE-25 c#1 and transmissivity of
10,000 ft2/d, hydraulic conductivity of 150 ft/d, and storativity of 0.001 in the Upper Tram
interval of UE-25 c#2.

Miocene Tuffaceous Rocks

Indicative of hydraulic connection through a highly developed fracture network,
diverse intervals of the Miocene tuffaceous rocks In six observation wells responded to
the pumping in UE-25 c#3 from May 1995 to March 1997 (table 9). The C-holes, UE-25
ONC-1, and USW H-4 appear to be connected hydraulically through a northwest
trending zone of discontinuous faults that extends from Bow Ridge to Antler Wash
(Geldon and others, In review). The Paintbrush Canyon and related faults that Intersect
UE-25 WT#14 and the C-holes probably enhance hydraulic communication between
these boreholes. Hydraulic communication between the C-holes and UE-25 WT#3
probably is enabled both stratigraphically and tectonically, because these boreholes are
completed In the same geologic unit (the Bullfrog Tuff) and are cut by the same faults
(the Paintbrush Canyon and related faults).

Analyses of the drawdown In Individual observation wells (figs. 32-35) Indicate
hydraulic properties of the rock mass at the scale of the distance between these
boreholes and UE-25 c#3 (table 9). Analyses of drawdown In multiple observation
wells, either as a function of time (normalized by dividing by the square of the distance
between the observation and pumping wells) or as a function of distance at a specified
time, indicate hydraulic properties of the rock mass In which all of the Included
observation wells are located.

Despite being 2,765 ft from UE-25 c#3, UE-25 ONC-1 responded to pumping
after only 200 minutes, because It Is in the same structural block as the C-holes
(between the Bow Ridge and Paintbrush Canyon Faults) and Is well connnected by
fractures related to northwest-trending faults. This fracture connection Is reflected in a
characteristic fissure-block aquifer response. From 200 to 2,000 minutes, flow from
fractures caused drawdown to increase as a function of log time. From 2,000 to 6,000
minutes, as flow from the rock matrix into fractures occurred, drawdown remained
relatively constant. After 6,000 minutes, drawdown increased again as a function of log
time as flow from both the fractures and matrix occurred. Drawdown conformed to the
type curve of Streltsova-Adams (1978) for rn = 10 and r/B = 1.0 (fig. 32). Transmisslvity
computed from the type-curve match equals 11,000 ft2/d. If the transmissive thickness
between the C-hole complex and UE-25 ONC-1 is assumed to vary linearly between
known thicknesses in UE-25 c#2 and USW H-4, then it can be estimated to be about
630 ft In UE-25 ONC-1. Dividing transmissivity by the estimated transmissive thickness
Indicates a fracture hydraulic conductivity of 20 ft/d. In comparison, the hydraulic
conductivity of the matrix (table 9) is Insignificant. Computed strorativity for the
fractures In UE-25 ONG-1 Is 0.001, which Is a tenth of the computed storativity of the
matrix.
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Table 9 - Hydraulic properties computed from observation well responses to
pumping In UE-25 c#3, May 1995 to March 1997 (est, estimated)

Borehole
Starting date of hydraulic test
Period of record (minutes)
Analyzed data
Geologic units In monitored Interval

Aquifertype
Transmissive thickness (feet)
Distance from pumping well (feet)
Average discharge (gallons/minute)
Transmissivity (feet squared/day)
Horizontal hydraulic conductivity
(feet/day)
Storativity (dimensionless)

UE-25 c#2
05122/95
14,400

Drawdown
Calico Hills

to Tram
Unconfined

541
95

284
23,000

40

0.003

UE-25 c#2
05/S8/96
464,100

Drawdown
Calico Hills

to Tram
variable

474
e5

151
26,000-29,000

50-60

0.003-.004

UE-25 c#1
052295
11,400

Recovery
Calico Hills

to Tram
Unconfined

826
271
284

20,000
20

0.001

UE-25 c#1
05/896
464,100

Drawdown
Calico Hills

to Tram
variable

780
272
151

24,000-28,000
30

0.002

Borehole
Starting date of hydraulic test
Period of record (minutes)
Analyzed data
Geologic units In monitored Interval

Aquifer type
Transmissive thickness (feet)
Distance from pumping well (feet)
Average discharge (gallons/minute)
Transmissivity (feet squared/day)
Horizontal hydraulic conductivity
(feet/day)
Storativity (dimensionless)

UE-25 ONC-1
05108/96
464,100

Drawdown
Prow Pass

Fissure-block
630 (est)

2,765
152

11,000
20/.005*

0.001/.01*

USW H-4
05/08/96
72,000

Drawdown
Prow Pass to
LUthic Ridge

Confined
907

7,366
154

7,000
8

0.002

UE-25 WT#14
051096
72,000

Drawdown
Topopah Spring
and Calkio Hills

Confined
Unknown

7,379
154

14,000
Unknown

UE-25 WT#3
05/08196
463,500

Drawdown
Bullfrog

Confined
160 (est)
11,567

152
28,000

180

0.002 0.002

* First number is for fractures; second, for matrix. Values of transmissivity and hydraulic ;
conductivity listed for UE-25 ONC-1 and USW H-4 differ from those obtained from a hydraulic
test conducted from May 22 to June 1, 1995, but the values determined from the longer test
beginning in May 1996 are considered more reliable).

Because USW H-4 is 7,366 ft from UE-25 c#3, it took about 5,000 minutes for the
pumping stress to reach this observation well. From 5,000 to 72,000 minutes after
pumping started, drawdown in USW H-4 conformed to the type curve of Theis (1935)
for a confined aquifer (fig. 33). After 72,000 minutes, drawdown became relatively
constant In response to flux from a nearby fault boundary. The pre-boundary
drawdown Indicated transmissivity of 7,000 fWMd and storatwity of 0.002 (table 9).
Dividing transmissivity by the transmissive thickness obtained from a flow survey
(Whitfield and others, 1984) Indicated a hydraulic conductivity value of 8 fld. The
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Figure 32 - Analysis 6f drawdown in UE-25 ONC-1, May 8, 1996 to March
26, 1997 by the method of Streltsova-Adams (1978)

Figure 33- Analysis of drawdown in USW H-4, May 8 to June 27, 1996 by the
method of Theis (1935)
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Figure 34- Analysis of drawdown in UE-25 WT#14, May 8 to June 27, 1996 by
the method of Theis (1935)

Figure 35 - Analysis of drawdown In UE-25 WT#3, May 8, 1996 to March 26,
1997 by the method of Theis (1935)
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location of the recharge boundary could not be ascertained, because only USW H4
was affected by this boundary, and the analytical solution to determine the location of a
boundary (Lohman, 1979) requires that at least two wells be affected by the same
boundary.

Because UE-25 WT#14 Is 7,379 ft from UE-25 c#3, It took about 5,300 minutes
for the pumping stress to reach this observation well. From 5,300 to 9,000 minutes, a
transition from borehole-storage release to release of water from the aquifer occurred.
From 9,000 to 72,000 minutes after pumping started, drawdown in UE-25 WT#14
conformed to the type curve of Theis (1935) for a confined aquifer (fig. 34). After
72,000 minutes, drawdown became very oscillatory, but broad oscillations In the data
deviated about a relatively constant value. The late-time data are Interpreted to be a
less-than-ideal response to a recharge boundary. The pre-boundary drawdown
indicates transmissivity of 14,000 ft2/d and storativity of 0.002 (table 9). Hydraulic
conductivity and the location of the boundary could not be determined because of
Insufficient data.

Located 11,567 ft from UE-25 c#3, borehole UE-25 WT#3 took 9,130 minutes to
respond to pumping. Thereafter, drawdown In UE-25 WT#3 was very oscillatory, but it
could be fit to the type curve of Theis (1935) for a confined aquifer (fig. 35). This
solution Indicated transmissivity of 28,000 ft2/d and storativity of 0.002 (table 9).
Dividing transmissivity by the length of the open Interval In UE-25 WT#3, Indicated a
hydraulic conductivityvalue of 180 ft/d. Actual hydraulic conductivity probably Is
smaller than the calculated value, because the thickness of transmissive rock between
the C-hole complex and UE-25 WT#3 probably exceeds the length of the open Interval.

The transmissivity of the Miocene tuffaceous rocks appears to decrease
northwestward in the area containing the observation wells used In the hydraulic test
that began In May 1996. Depending on the analytical solutions used, transmissivity
could be Interpreted to decrease from 28,000 ft2ld in the vicinity of UE-25 WT#3 to
between 20,000 and 23,000 ft2/d in the vicinity of the C-holes. The transmissivity of the
Miocene tuffaceous rocks Is 14,000 ft2/d In the vicinity of UE-25 WT#14, 11,000 ft2/d In
the vicinity of UE-25 ONG-1, and 7,000 ft2/d In the vicinity of USW H-4.

The hydraulic conductivity distribution of the Miocene tuffaceous rocks In the
vicinity of the C-holes Is believed to be structurally controlled. Hydraulic conductivity In
UE-25 c#2 decreases from 140-170 ft/d In the Upper Tram and Lower Bullfrog intervals
to 0.3-0.4 ft/d In the Calico Hills interval as the vertical distance from faults that intersect
the borehole Increases (table 8). The average hydraulic conductivity of the Miocene
tuffaceous rocks in UE-25 c#2 is twice that In UE-25 c#1 (table 9), possibly because
UE-25 c#2 is located nearer to the subsurface Intersection of the northerly trending
Paintbrush Canyon or Midway Valley Fault and a northwest-trending fault (shown In
figure 2) that underlies the gap through the northern part of Bow Ridge. If spatial
relations between faults and hydraulic conductivity at the C-hole complex are combined
with values of hydraulic conductivity determined from analyses of drawdown In UE-25
ONC-1, UE-25 WT#3, and USW H-4 (table 9), then a possible distribution of hydraulic
conductivity for the Miocene tuffaceous rocks In the vicinity of the C-holes can be
Inferred. This inferred hydraulic conductivity distribution Is shown In figure 36.
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In the 8-m2 area encompassed by observation wells used in hydraulic tests at the
C-hole complex from 1995 to 1997, the storativity of Miocene tuffaceous rocks In these
observation wells uniformly is 0.001 to 0.003 (table 9). Analysis of the drawdown in
observation wells not affected by boundaries as a function of time divided by the square
of the distance from the pumping well (fig. 37) Indicates that the average storativity of
the Miocene tuffaceous rocks in the area encompassed by the observation wells is
0.002. This same analysis indicates that the average transmissivity of the Miocene
tuffaceous rocks In this area Is 23,000 ft/d. Being able to derive a single analytical
solution for UE-25 c#1, UE-25 c#2, UE-25 ONC-1, and UE-25 WT#3 confirms that the
Miocene tuffaceous rocks In the structural block delimited by the Paintbrush Canyon,
Bow Ridge, and Dune Wash Faults, at least as far north as Midway Valley, are a single
aquifer In which flow is Influenced by the same structural, stratigraphic, and climatic
factors.

Plots of drawdown In observation wells as a function of distance 30,000, 100,000,
200,000, 305,000, and 463,000 minutes after pumping started In May 1996 (drawdown
at 30,000 and 463,000 minutes shown In figure 38) confirm the ovoid pattern of
drawdown aligned with faults extending from Bow Ridge to Antler Wash, that was
detected during the hydraulic test conducted from May 22 to June 1, 1995 (Geldon and
others, in review). Analyzed by the method of Cooper and Jacob (1946), plots of
drawdown as a function of distance (fig. 39) Indicate values of transmissivity ranging
from 23,000 to 28,000 fe/d and values of storativity ranging from 0.0005 to 0.002 (table
10). In comparison, analysis of drawdown in observation wells as a function of distance
14,000 minutes after pumping started In May 1995 indicated transmissivity of 25,000
ft/d and storativity of 0.003 (Geldon and others, In review). Distance-drawdown and
time-drawdown analyses discussed In this section converge on the same solutions.

Table 10 - Hydraulic properties detenmined from drawdown In observation wells as
a function of distance from the pumping well, hydraulic test In UE-25 c#3, May
1996 to March 1997

TIME SINCE PUMPING TRANSMISSIVITY STORATIVITY
STARTED, IN MINUTES IN FEET SQUARED

PER DAY

30,000 28,000 0.0005
100,000 27,000 0.0009
200,000 23,000 0.002
305,000 25,000 0.001
402,000 24,000 0.001
463,000 23,000 0.001

Paleozoic Carbonate Rocks

Borehole UE-25 p#1 was monitored during hydraulic tests In 1995 and 1996 to
detect hydraulic connection between the Miocene tuffaceous rocks and Paleozolc
carbonate rocks In the vicinity of the C-holes, which previously had been Indicated by
hydraulic head measurements In UE-25 p#1 and borehole flow surveys In the C-holes.
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Figure 38 - Distribution of drawdown In observation wells 30,000 minutes
(20.8 days) and 463,000 minutes (321.5 days) after pumping started in
UE-25 c#3 on May 8, 1996
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Figure 39 - Analyses of drawdown In observation wells as a function of distance
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after pumping started In UE-25 c#3 on May 8, 1996
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Measurements as UE-25 p#1 was being drilled in 1983 detected a 72-ft difference In
hydraulic heads for the Paleozolc carbonate rocks and Miocene tuffaceous rocks in UE-
25 p#1 (Craig and Robison, 1984), that Indicated a potential for water to flow from the
lower to the upper hydrogeologic unit. Flow surveys conducted in the C-holes in 1991
detected upward flow in the lower parts of these boreholes (Geldon, 1996), that most
likely originated in the Paleozoic carbonate rocks, because the intervening tuffaceous
rocks generally are considered a confining unit (Luckey and others, 1996).

Although UE-25 p#1 was monitored for 14,400 minutes after pumping started In
May 1995 (Geldon and others, in review) and 256,200 minutes after pumping started in
May 1996 (fig. 40), drawdown In the Paleozoic carbonate rocks was not detected. This
lack of drawdown could Indicate that the water being pumped was drawn laterally from
the Miocene tuffaceous rocks. Altematively, a large storage capacity would have
enabled water to be drawn upward without causing drawdown in the Paleozoic rocks.
Hydraulic connection between the Miocene and Paleozolc rocks could not be confirmed
or refuted by monitoring water levels In UE-25 p#1 during this study.

Analytical Uncertainty

Analytical methods used in this study to determine hydraulic properties rely on
assumptions about the type of aquifer, some of which are violated in nearly all
applications. These violations are necessary In order to simplify the flow system being
analyzed, but they create unquantifiable uncertainty in computed hydraulic properties.
For example, all methods assume that the aquifer Is a porous medium. However, the
influence of fractures Is fundamental to conceptualizing the flow of water In Miocene
tuffaceous rocks at and near the C-hole complex. The solution to this conundrum is to
consider fractures to be so interconnected that the Miocene tuffaceous rocks respond
to pumping as 'an equivalent porous medium". This rationalization seems to be
justified by the way In which plots of drawdown or recovery of water levels In wells
successfully conform to type curves derived for porous media.

Another fundamental assumption that commonly Is violated Is that flow to the
pumping well is derived from an aquifer of Infinite extent. The many faults in the area of
the C-holes functioning as either recharge or barrier boundaries make the concept of an
Infinite aquifer unsupportable. Generally constraining observation wells between faults
bounding the block in which the C-holes are located minimized boundary effects but did
not eliminate them. Drawdown In USW H-4 and UE-25 WT#14 obviously was affected
by recharge boundaries during the hydraulic test that began in May 1996.

All of the analytical methods used in this study assume radial flow to the pumping
well. The flow from intervals other than the one being pumped that was detected during
hydraulic tests In February 1996 and May 1996 to March 1997 Indicates that flow during
these tests actually was three-dimenslonal or spherical. Ignoring the vertical
component of flow seems to have been justified by the good agreement between
results of the hydraulic test in June 1995, in which flow between observation and
pumping wells was radial, and results of the subsequent tests. Nevertheless, there is
some Inaccuracy involved In analyzing the flow from unscreened Intervals above or
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Figure 40 - Water-level changes In UE-25 p#1, September 3 to November 2, 1996
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below the pumped Interval by techniques developed only for analyzing flow from the
pumped Interval.

The most commonly applied analytical method in this study, that of Theis (1935),
assumes flow from an infinite, homogeneous, Isotropic, confined aquifer. Transected
by numerous faults and variably welded, the Miocene tuffaceous rocks in the vicinity of
the 0-holes are neither homogeneous nor isotropic. As a result, hydraulic gradients
toward the pumping well vary directionally, a situation that is ignored by the
mathematics of the Theis (1935) solution. Disregarding a non-uniform hydraulic
gradient seemingly would result In Inaccurate computations of hydraulic properties.
Consistent calculations of hydraulic properties for individual intervals and the composite
section of Miocene tuffaceous rocks from test to test, from well to well, or when multiple
observation wells are used in a time-drawdown or distance-drawdown analysis
Indicates that either errors are being made consistently or else, calculated values
approximate actual values of hydraulic properties, despite simplification of structural
and lithologic complexities.

All of the analytical techniques used in this study required Input parameters that
had to be determined or approximated for hydrogeologic Intervals or boreholes In which
drawdown was monitored. Included In these parameters are the distance of the Interval
or borehole from the pumping well, the transmissive thickness of the Interval or
borehole, the barometric efficiency of the Interval or borehole, the proportion of flow
from a hydrogeologic interval, and the fracture spacing within a hydrogeologic interval.
Errors In deriving any of these Input parameters could have changed calculated
hydraulic properties considerably.

Values of transmisslvity and storativity determined in this study are believed to be
accurate to one significant figure, but reported values of hydraulic conductivity are more
uncertain. Hydraulic conductivity can be calculated from the known thickness of
transmissive Intervals within a test Interval, the entire thickness of the test interval, or an
assumed thickness of transmissive rock between the observation and pumping wells.
Because the transmissive thickness was unknown, It was impossible to determine
hydraulic conductivity In many analyses. Even where hydraulic conductivity could be
determined, it was done without much confidence. For example, it is Impossible to
know whether the hydraulic conductivity of the Lower Bullfrog Interval In UE-25 c#1
really Is about half that in UE-25 c#2 or whether these calculated hydraulic conductivity
values result solely from about the same transmissivity value In each borehole being
divided by an assumed transmissive thickness that Is twice as large In UE-25 c#1 than
in UE-25 c#2.

Analytical uncertainty can be decreased with additional study of the Miocene
tuffaceous rocks at Yucca Mountain. Hydraulic tests are needed In the Prow Pass or
Upper Bullfrog interval of the C-holes to determine with more confidence hydraulic
properties of poorly transmissive rocks. A hydraulic test In the Upper Tram Interval of
the C-holes would assess directly the Influence of faults on ground-water flow. Cross-
hole hydraulic tests, preceded by extensive hydrogeologic characterization, are needed
at several sites on Yucca Mountain to determine lateral variations in hydraulic
properties as a result of lithologic- and tectonic-caused heterogeneity. Values of
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hydraulic properties determined to date can be confirmed or adjusted by utilizing them
as input to numerical models of the flow system.

HYDROCHEMISTRY

Water pumped from UE-25 c#3 is a sodium-bicarbonate type (Table 11), which
except for large concentrations of lithium, bromide, and strontium, is typical of water
from Miocene tuffaceous rocks in the area (fig. 41). Water from the Miocene tuffaceous
rocks differs from water from Paleozoic carbonate rocks in the area, which Is a calcium-
magnesium-bicarbonate type (fig. 41).

Table 11 - Major Ions, trace elements, and isotopes In water from UE-25 c#3, May 1995
to June 1997

Date Time Average Time since Volume Field pH Tempera-
discharge pump on pumped (Standard ture
(gaVmln) (minutes) (gallons) units) (degrees C)

05/09/84 03:40:00 Unknown Unknown Unknown 7.7 40.8
05/168/5 09:45:00 366 1,332 488,033 7.7 ND
05/22/05 16:00:00 282 62 17,484 7.7 41.4
05123/95 11:30:00 281 1,232 346,685 7.7 41.4
05/31/95 17:00:00 284 13,082 3,715,288 7.7 40.3
12D04/96 13:00:00 152 302,563 46,062,191 7.8 38.3
02119/07 10:00:00 151 414,708 62,568,018 7.8 40.2
06112/97 09:25:00 150 575,889 86,244,987 7.9 40.0

Date Time CA MG NA K S102
(mg/L) (mg/L) (mg/L) (mgJL) (mg/L)

05/09/84 03:40:00 11 0.40 55 1.9 53
05/18/05 09:45:00 11 0.31 55 1.9 55
05/2215 16:00:00 11 0.30 58 1.9 60
05/23195 11:30.00 11 0.30 57 1.9 58
05/31/95 17:00-.00 11 0.30 56 1.9 57
12/04/96 13:00:00 12 0.32 51 1.9 52
02/19/97 10:00:00 12 0.31 54 2.0 53
06112/97 0925:00 12 0.30 53 2.1 52
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Date Time

05/09/S84
05/16M5
05122/95
05123195
05/31195
12/04/96
02119/97
06112197

Date

05/09/84
05MB/95
05/22195
05/23/95
05/31195
12/04196
02119197
06/12197

Date

05/09/84
05/18/95
05/22195
05/23/95
05/31195
12/04196
02119/97
06/12197

03:40:00
09:45.00
16:00:00
11:30:00
17:00:00
13.00:00
10:00:00
0925:00

Time

03:40:00
09:45:00
16:00:00
11:30.00
17:00:00
13:00:00
10:00:00
0925:00

Time

03:40:00
09:45:00
16.00:00
11:30:00
17.00:00
13.00:00
10:00:00
0925:00

HCO3
(mg/I)

137
140
140
141
175
135
135
135

SR
(mgIL)

0.044
ND

0.060
0.060
0.070
0.047
0.048
0.047

d D
(PER MIL)

-103
-100
-99.3
-99.7
-99.8
-99.8
-99.7
ND

S04
(mgL)

22
20
19
19
19
21
20
19

U
(mg/L)

0.110
ND

0.100
0.090
0.080
0.084
0.082
0.079

dO18
(PER MIL)

*13;5
-13.4
-13.4
-13.4
-13.4
-13A
-13.4
ND

CL
(mg&i)

7.2
6.7
6.4
6.5
6.4
6.9
6.3
6.3

AL
(mg/)

ND
0.007

ND
ND
ND

0.0065
0.005
0.004

dC13
(PER MIL)

-7.5
ND
-6.5
-6.2
-6.5
-6.4
-7.5
ND

F
(mg/iL)

2.0
2.2
2-2
2.2
2.2
1.9
2.1
2.1.

FE
(mg/L)

ND
0.010
0.070
0.030
0.020
0.010
0.012
0.004

d SR 87
(PER MIL)

ND
ND

0.96
0.86
0.83
0.72
0.78
ND

N02+N03
(mg/L)

5.8
1.2
ND
ND
1.2
ND
ND
1.2

BR
(mg/L)

ND
0.060
0.060
0.060
0.060
0.64
0.24
0.13

Dissolved
solids
(mg/L)

229
220
227
221
226
ND
219
222

(mg/il)

ND
ND
ND
ND
ND

0.012
0.009
0.006

Specific con-
ductance
(uS/Cm)

298
306
307
303
304
303
340
312

The water from UE-25 c#3 Is fresh, slightly alkaline, and warm. The water has a
dissolved solids concentration of 220-229 mgfL and a specific conductance of 298-340
VS. The pH of this water ranges from 7.7 to 7.9. The temperature of the water in UE-
25 c#3 and the other C-holes ranges from 360 to 430 C, Increasing with depth and as
the water Is pumped (fig. 42). Hotter temperatures as a result of pumping indicates that
pumping draws water from deeper horizons.

Sampling was done periodically throughout the hydraulic and tracer tests
conducted from 1995 to 1997 to try to detect an Influx of water from the Paleozoic
carbonate rocks and, thus, to confirm chemically hydraulic connection between the
Paleozoic rocks and Miocene tuffaceous rocks. The following changes In chemistry as
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EXPLANATION

x
a

Na+lK
Ca
Mg
CI
SO,
HCO3+ CO3

MIOCENETUFFACEOUS ROCKS
UE-25 C#3
PALEOZOIC CARBONATE ROCKS
SODIUM + POTASSIUM
CALCIUM
MAGNESIUM
CHLORIDE+ FLUORIDE
SULFATE
BICARBONATE+ CARBONATE

Ca 60 q-40 20 No*K HC0 *C03 20 4-0 60 E0
Calcium (Ca) Chloride tCIJ

C A T I O N S %meq/ I A N I O N S

Figure 41 - Major ion chemistry of water from UE-25 c#3, Miocene tuffaceous
rocks, and Paleozolc carbonate rocks, Yucca Mountain area (Data from McKinley

and others, 1991; Perfect and others, 1995)
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Figure 42- UE-25 c03 water temperature, February 8 to 15, 1996
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a function of the volume of water pumped (average discharge multiplied by the time
since pumping started) were observed:

1. Ratios of calcium plus magnesium to sodium plus potassium, in milliequivalents
per liter, Increased from 0.22 to 0.28 (fig. 43A).

2. The concentration of potassium Increased from 1.9 to 2.1 mg/L.
3. Concentrations of silica, aluminum, and Iron decreased (table 11).
4. Delta strontium-87 ratios decreased from 0.96 to 0.72 (fig. 438).

Observed changes In the chemistry of water pumped from UE-25 c#3 could
indicate (1) mixing of water from different tuffaceous units; (2) mixing of water between
the Miocene tuffaceous rocks and Paleozolc carbonate rocks; or (3) reactions between
Inflowing water and aluminosilicate minerals in the rock to maintain chemical
equilibrium. Work Is In progress to evaluate possible interpretations.
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Figure 43 - Changes In the chemistry of water from UE-25 c#3 as a function of the
volume pumped during hydraulic and tracer tests conducted from 1995 to 1997:
A, Ratios of calcium plus magnesium to sodium plus potassium; B, delta
strontium-87 vahues
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TRACER TESTS

Tracer tests were conducted at the C-hole complex starting in February, 1996
and continuing, episodically, until the present. This report documents only: (1) the
iodide injection Into the combined Bullfrog-Tram interval In borehole UE-25 c#2 with
recovery from the same Interval In borehole UE-25 c#3; (2) the 2,6 Difluorobenzolc acid
(DFBA) injection Into the Lower Bullfrog Interval In borehole UE-25 c#2 and recovery
from the same zone In borehole UE-25 c#3; and (3) the Injection of 3-carbomoyl-2-
pyridone (pyridone) Into the Lower Bullfrog interval In borehole UE-25 c#1 and recovery
In the same Interval in borehole UE-25 c#3. Additionally, some water samples were
obtained from the injection tubing of both UE-25 c#2 and c#1, as well as the annular
region of borehole UE-25 c#2 In an attempt to address questions specific to alternative
travel-paths for the pyridone Injection. These additional analyses are documented with
this report.

Quality Assurance Status

Currently there Is a deficiency report Issued against the M&O organization with
regard to the chemical analyses performed at the C-holes complex field-lab trailer by
UNLV personnel (LVMO-96-D-57). UNLV performed quality-affecting activities, starting
on January 9, 1997, using procedures developed by the university specifically for their
scope of work, but that were not controlled by CRWMS M&O QA Implementing
Procedures. Those chemical analyses must be considered non-Q (not Quality-assured)
until this Issue Is resolved. On 5115/97, the UNLV procedures were Incorporated Into
CRWMS M&O QA Implementing Procedures. However, these procedures were not
sufficient and have been modified by Interim Change Notices (ICNs) effective 6/17/97.
The affected procedures are: HPLC Operation NWI-UNLV-004Q, Rev.0; Scientific
Notebooks and Instrument Logs QAP-Slll-3, Rev.1; Analytical Balance Use NWI-UNLV-
003Q, Rev.0; and Top-Loading Balance Use NWI-UNLV-002Q, Rev.0.

Standard technical review of the data under USGS QMP 3.04 has been
accomplished as If the chemical analyses were Q (Quality-assured) so that when the
Issue of the deficiency is resolved, minimal time will be required to convert the data to Q
status.

Tracer Chemistry, and Methods of Chemical Analysis

For use as a conservative tracer, the properties of any organic tracer compound
should minimize loss while In transit. There are two main categories of tracer loss,
nonadsorptive loss and adsorptive loss. Nonadsorptive losses can be due to
photochemical decomposition, chemical decay, pH effects on solubility, and
biodegradation of the compound by micro-organisms. Adsorption of the tracer onto
both organic and inorganic substances Is usually Irreversible and can cause a
significant loss of tracer.

Although Inorganic anions such as chloride, bromide, and Iodide are considered
to be the best conservative tracers, other classes of tracers are often required to allow
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for more extensive tracer tests in multiple zones, such as the tests at the C-hole
complex.

Fluorinated benzolc acids and pyridones are the additional tracers used In the
testing. Stetzenbach and Famham (1996) report on the suitability and stability of
fluorinated benzoic acids (for example, PFBA and DFBA) and pyridones. Both are
considered appropriate for tracer testing based on their study.

Because pyridone is intensely fluorescent, and Is stable against photochemical
decay, It is a useful water tracer. Pyridone is stable against photochemical decay,
because its maximum absorbance is In the 315-324 nanometer wavelength range,
outside the normal range of sunlight. The study of fluorescence Intensity with respect
to pH showed essentially no effect of pH on intensity. The 3-carbomoyl-2-pyridone has
been reported to adsorb on silica sand columns (Nelson and Lenz, 1983). But,
Stetzenbach and Famham (1996) show minimal loss in their study which lasted for 60
days.

Besides being a unique chemical constituent that is not naturally present, we
anticipated that the larger travel-distance from borehole UE-25 c#1 as compared to the
travel-distance from UE-25 c#2 would cause a reduction In concentration due to
dispersion and possible diffusion. Therefore, pyridone was selected for injection into
borehole UE-25 c#1 because of its low detection limit. DFBA was selected for Injection
Into UE-25 c#2 because of its unique chemical nature and could be easily distinguished
from other benzoic acids used.

Iodide, benzoic acids (including DFBA), and pyridone can be analyzed by high
performance liquid chromatography (HPLC). This method was selected not only
because It is precise and sensitive, but also because the Instruments are field-portable
and the ground water samples can be Injected directly Into the instrument with only
filtration required. This allows analyses to be conducted in the field for immediate test
results. The chemical analysis technique Is described in the Instrumentation section of
this report. P

Methods of Tracer Test Analysis

Prior to any analyses, a review of the basic data from the -hole testing
constrains possible Interpretations of tracer testing.

Information on the characteristics of fractures within the Lower Bullfrog at the C-
hole complex come from examination of cores from the C-holes (Geldon 1996),
mapping of the Bullfrog at Little Skull Mountain (Ervin and Chomak, written.
communication, 1993), and the Interpretation of conservative tracer tests.

Fracture orientations in the Lower Bullfrog are based on televiewer data reported
in Geldon (1996) and obtained In the 1980's when the boreholes were drilled. Two
orientations are statistically significant. The dip and azimuth-of-strike of the fracture
planes are: 77/167 and 78/191 (the two orientations are shown In figure 44, relative to
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the sides of the C-hole triangle).

Lower-hemisphere stereonets display the data for the three boreholes. The
majority of the data are contained within a 10 degree cone of dispersion about these
two means (figure 45).

There are no surface exposures of the Lower Bullfrog zone near the C-hole
complex. However, the Bullfrog Tuff outcrops just east of Little Skull Mountain and just
west of Jackass Flats Road, approximately 20 kilometers from the C-hole complex. The
Bullfrog Tuff is the only unit of the Crater Flat Group present east of Little Skull
Mountain. The tuft appears to have undergone secondary alteration, and the original
bedding has been obscured (Ervin and Chomack, written communication, 1993). It Is
comprised of a uniformly altered, partially to moderately welded, devitrified ash-flow tuff.
Intensity of fracturing Is moderate and is comparable to fracture Intensity elsewhere
(Ervin and Chomack, written communication, 1993). This exposure of the Bullfrog Is
notable for visible fracture traces over long distances with selected vertical exposure of
fractures. A total of 495 fractures were mapped at Little Skull (Ervin and Chomack,
written communication, 1993). Notable from the data for these exposures Is the log-
normal distribution of lengths and the non-uniform spacing of fractures, as well as the
complex style of intersection and abutting relations. Although the orientations of the
fractures may be different at the C-hole complex In the subsurface, the style of
intersections, and the spacing- and length-distributions are assumed to be similar.
Nine, 2 meter by 2 meter, grid maps are displayed In figures 46 and 47. Future work
will Incorporate these length and spacing distributions for discrete feature modeling at
the C-hole complex.

In summary, the fractures, at the C-hole complex, are moderately to steeply
inclined, trend In a northerly direction, and have a probable nonuniform spacing. If
transport Is along fractures and faults, then the orientation data represent the possible
directions of transport that may be occurring at the fine-scale In any Interpretation.

Hydraulic testing In the Interval Is extensive. Hydraulic analysis of the C-holes
demonstrates probable directionality in transmissivity. Drawdowns in borehole UE-25
c#1 are comparable in magnitude with drawdowns in UE-25 c#2 although the distances
from the pumping borehole (UE-25 c#3) are significantly different [-85.6 meters (281
feet) and -28.9 meters (95 feet)].

On the more regional scale, probable drawdown-directionality also exists.
Drawdowns have been analyzed for boreholes UE-25 c#1, UE-25 c#2, ONC-1, HA4,
WT-14, WT-3, and UE-25 p#1. Previous milestone reports Indicated the elongate
nature of the drawdowns with an Idealized, elliptical drawdown shape oriented with the
long axis subparallel to the direction connecting the C-holes with H4. This drawdown-
directionality could be consistent with scale-effects associated with heterogeneous
materials. This may be Indicative of limited, or varying degrees of connectivity at
different scales which can be quite common In fracture networks.
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The results from conducting the tracer tests, In the form of breakthrough curves
of concentrations of Iodide, DFBA, and pyridone as a function of time, were analyzed to
get quantitative transport parameters using an analytical solution of the porous-medium,
advection-dispersion equation, developed by Moench (1989, 1991, and 1995). The
Moench (1995), dual-porosity aquifer solution was used.

The Input parameters required by the Moench dual-porosity aquifer solution,
some individually, and some In dimensionless combinations are: the pumping rate, q.;
the distance from the pumping to the Injection well, rL; the thickness of the aquifer, h;
the radius of the pumping well, ra; and that of the Injection well, r,; the thickness over
which mixing occurs in the pumping well, h1; and In the Injection well, h,; the mass of
tracer injected, M; the volume of water In which the mass of the tracer Is dissolved prior
to actually entering the aquifer, V; the length of time It takes for the tracer slug to enter
the aquifer, t,,; the flow porosity, 4),; the matrix porosity, 4); the longitudinal dispersivity,
aL in the form of a peclet number (PE= rL/aL); the retardation coefficients representing
linear, reversible adsorption, In the fractures, R. and In the matrix, Ft; a dimensionless
diffusion coefficient, GAMMA, which Is a function of the effective coefficient of diffusion
from the fractures into the matrix, 1, and of h, 4),, R, q%, and the radius of the theoretical
sphere-shaped matrix blocks of the dual-porosity aquifer, b; a dimensionless storage
parameter, SIGMA, which Is a function of 4),, 4), R, R; and a dimensionless skin
parameter, SK, which Is a function of the mass transfer coefficient, k., representing the
continuity of diffusive flux across the askin, such as mineral fracture-surface coatings,
separating fractures from matrix blocks, and of D and b.

Type curves are generated for a range of peclet numbers using the analytical
solution for radially-convergent flow for a single-porosity system. These single-porosity
type curves are in the form of log-log plots of dimensionless concentration, Cd, versus
dimensionless time, td. The observed recovery data are presented In the form of log-log
plots of normalized concentration, C/C,,.] (where the concentration Is normalized by the
maximum observed concentration), versus time since Injection. By overlaying the type
curve and dimensionless recovery curve, and fitting the rising portions of the two
curves, an estimate of the advective travel-time, t%, is obtained when the match point
(Cd =1, t =1) is projected onto the log-time axis of the observed data plot (Because the
dimensionless time Is defined as the ratio of time-since-Injection to the.advective travel
time, the value of ta Is equal to the time-since-injection, Indicated on the time axis of the
recovery curve, corresponding to td=l). The peclet number is also estimated based on
the type-curve fit. This process Ignores the diffusion process because it Is assumed
that diffusion Is minimal on the rising limb of the breakthrough curve. Diffusion is
considered In the dual-porosity portion of the Moench analytical model.

After estimates of the peclet number and the advective travel-time are obtained
from the above type-curve matching process, the Moench dual-porosity solution is used
to fit the tail of the observed data to a theoretical dual-porosity breakthrough curve
accommodating diffusion processes. Here, the controlling parameters include the
GAMMA term, and the SIGMA term. The physical parameters that are estimated are
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the matrix porosity and the dimensionless diffusion coefficient.

This process of first obtaining the t, and peclet number from the fit to the single-
porosity type-curves, and then using Moench's dual-porosty solution to obtain
estimates of Gamma and Sigma, provides an Iterative process of analyzing the data.

Because of the radially-convergent flow field, the volume of Interest is a cylinder
centered at the pumping borehole and extending to the injection borehole. To
approximate the effects of mixing In the Injection borehole, Moench (1989) used the
hypothesis that the average value of the tracer concentration over this large cylindrical
surface equals the tracer concentration in the Injection borehole.

Uncertainty In Tracer Test Results and Interpretations

There were several factors that contributed to uncertainty in, and limitations of,
tracer results and interpretations. These factors are discussed below.

During the iodide tracer test in UE-25c #2, Initiated on February 13, 1996, the
pump gradually failed, leading to a decreasing flow rate during the test, which changed
from 139 gpm at the beginning to 98 gpm at the end. This violated one of the
assumptions in the Moench (1995) analytic method employed to analyze tracer test
results. This source of uncertainty was eliminated for succeeding tests by replacing the
pump in April, 1996.

There was uncertainty regarding the extent to which the tracer was evacuated
from the borehole to the aquifer In the injection Interval. This problem Is exacerbated
by the fact that the Injection Intervals tested were thick (168 feet for the Lower Bullfrog,
and close to 600 feet for the Bullfrog-Trarn Interval). This source of uncertainty will be
reduced In the upcoming tracer testing in the Prow Pass interval by designing and
deploying a down-hole system capable of mixing the tracer after its Injection Into the
borehole. This will minimize stratification of tracer concentration In the borehole and
lead to better evacuation of the tracer Into the aquifer.

The influence of the natural gradient that exists at the C-holes on tracer recovery
at the pumped well is a source of uncertainty. Determinations of the capture zone of
the pumped well, and how that is altered by the existence of a natural gradient,
depends on the assumptions made regarding heterogeneity and anisotropy of
hydrogeologic parameters. Mass that Is not recovered by the pumped well Is evidence
that pathways, other than the postulated radially convergent streamlines toward the
pumped well, play a significant role in transport of tracers.

When analyzing tracer results using an analytic solution to the advection-
dispersion equation, such as the Moench (1995) solution employed In this study,
several assumptions are made; The medium is assumed to be homogeneous and
isotropic, and the flow regime Is assumed to be strictly radial (i.e. in two dimensions
without a vertical component). Then, based on these assumptions, transport
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parameters are determined by fitting type curves to the breakthrough curves.

When assuming a dual-porosity medium, as was done in this study, the number
of transport parameters that would have to be determined Is large, and non-uniqueness
of the solution becomes an Issue. This was addressed by employing a quantitative
parameter estimation technique through the use of a program called PEST, which
stands for Parameter ESTimation. PEST quantifies uncertainties in parameter
determinations by providing confidence Intervals on optimal parameter values that R
produces. Use of PEST to quantify parameter uncertainty resulting from analyzing two
of the three radially-convergent conservative tracer tests described in this report, are
presented later In the report.

A limitation of all tracer tests conducted so far Is that they produce estimates only
of longitudinal dispersivity, not transverse dispersivity. Transverse dispersivity has
been identified by the Performance Assessment Modeling community as a very
Important parameter in the prediction of radionuclide transport In the saturated zone.

Iodide Tracer Test from Borehole UE-25 c#2 to UE-25 c#3,
February-March 1996

Following establishment of a quasi-steady-state hydraulic gradient by pumping
the recovery borehole (UE-25 c#3) for about 7,000 minutes, the first convergent tracer
test at the C-hole complex was Initiated In the Bullfrog-Tram Interval on February 13,
1996, under convergent flow field conditions. Tracer solution was injected into the
Bullfrog-Tram Interval of borehole UE-25 c#2 for 28 minutes at an average rate of 0.41
iUs (6.5 GPM). The most transmissive interval in the C-holes (the Bullfrog-Tram
interval), the shortest interborehole distance (from borehole UE-25 c#2 to borehole UE-
25 c#3), and the simplest flow field (a convergent flow field) were selected to enhance
the possibility of successful tracer recovery.

The tracer solution consisted of 5.9 kg of sodium iodide (of which 5 kg were
Iodide) mixed with 500 liters (132 gallons) of water from borehole UE-25 c#3. The
tracer solution was chased with 182 liters (48 gallons) of water, which was pumped into
borehole UE-25 c#2 to ensure evacuation of the injection string.

As water Is delivered Into the Injection string by a progressive cavity pump,
pressure builds on a cracking valve, until the release pressure of the valve Is exceeded.
When the release pressure is exceeded, the valve opens, and tracer solution is Injected
into the test interval. Injection is terminated by shutting off the Injection pump and
depressurizing the cracking valve. A drawback of this system is that the small diameter
of the cracking valve orifice prohibits Instantaneous tracer Injection, although a large
volume of tracer can be injected relatively quickly (28 minutes for 500 liters).

The chemical constituent used as a tracer in the first test was Iodide, a
monovalent anion. Chemical analysis indicated that the tracer Injectate-solution had an
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iodide concentration of 10,200 ppm.

Anions are likely to be conservative (nonsorbing) when used as tracers In
tuffaceous rocks at Yucca Mountain, because negatively charged zeolites and clays In
the matrix make the tuffaceous rocks receptive to cations and repulsive to anions in
ground water. Laboratory studies (Bowman and others, 1990) in which solutions
containing fluorobenzoates, iodide, bromide, tritium, and borate were leached through
columns containing crushed tuff from Yucca Mountain, found that iodide has an
average matrix retardation coefficient, R, of 0.93 (range 0.85-0.97 In individual runs)
and, thus, could be classified as a conservative tracer. [ The retardation coefficient can
be less than 1 because of a process known as anion exclusion, wherein anions are
repelled by negatively charged grain surfaces and arrive at the recovery well prior to
neutrally charged tracers]. For this analysis, the retardation coefficient was assumed to
be 1.0.

The Iodide injection from UE-25 c#2 on February 13, 1996, has been discussed
in Fahy (1997). The field-determined detection limit for iodide was 3 pg/L. The
accuracy of the HPLC analytical technique, calculated as the difference between the
nominal and measured concentrations of standards divided by the nominal
concentration, was 3.47 percent for field analyses and 2.67 percent for laboratory
analyses. The precision of the technique, as determined by comparing replicate
analyses, was 2.3 percent for the field-determined concentrations and 1.61 percent for
laboratory-determined concentrations.

Using the automated sampler, 3,134 samples of water were collected for analysis
of Iodide during the tracer test. To accommodate possible fracture transport and rapid
breakthrough of the tracer plume, the sample Interval initially was set at 10 min.
However, after it became apparent that a fast path did not exist between the Injection
and recovery wells, the sample Interval was changed to 15-20 min until the peak
concentration arrived and, progressively from 30 to 120 min thereafter. Of the samples
collected, 2,046 were analyzed. Thirty-nine analyses were rejected because
concentrations of calibration-check standards, analyzed with the samples, could not be
replicated with an accuracy specified in the standard operating procedure for the
analytical equipment. Iodide concentrations In water sampled during the tracer test
were obtained by a reverse-phase, high-pressure liquid chromatograph (HPLC) in
conjunction with an ultraviolet (UV)-absorption detector (Stetzenbach and Thompson,
1983). Breakthrough occurred 5.07 days after Injection. The peak concentration, 99.5
pg/L, occurred 17.75 days after injection. The test was terminated 45.1 days after
injection. The concentration was 33.9 pg/L at termination.

The mass recovered Is estimated as 2.347 kilograms, 47 percent of the Injected
mass (Fahy, 1997, written communication to M&O).

The tracer test was complicated by progressively-decreasing discharge from the
recovery well, which was caused by a mechanically failing pump. The pump discharge
decreased from 8.5 L/s (134.7 GPM) on February 13, 1996, to 6.2 Us (98.3 GPM) on
March 29, 1996. For analysis, the median value of 7.4 Us (117.3 GPM) was used as
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the discharge rate. Despite these problems, a recovery curve, with breakthrough and
peak arrival times readily discernible, clearly was established by March 29, 1996. The
tracer test was terminated on March 29, 1996, 45.1 days after the test began.

Transport Properties for the February-March 1996 Test

Some Initial estimates of critical Input parameters for the dual-porosity solution
could be made from observed or published values. With a peclet number of 11, an
advection travel time of 17.75 days (both based on the type-curve fit, figure 48), a
discharge equal to the median value of 7.4 Us (117.3 GPM), and an aquifer thickness
equal to the transmissive thickness of the Bullfrog-Tram Interval In borehole UE-25 c#2,
the flow porosity, 4,, can be estimated as 8.6%. This estimate of the flow porosity Is
validated by the curve matching the data. This porosity estimate Is high If we consider
only fractures as the pathway. Typical fracture porosities are of the order of 1%
maximum (Streltsova, 1988). The complete curve fit (figure 49) results In an estimate of
the matrix porosity of 19 percent.

The high flow porosity values above Indicate that a composite pathway occurs for
the Iodide; that Is, the fracture network Is not well-connected at the scale of the test.
The solute travels through a connected-fracture-network segment and then through a
segment of matrix, until it reaches the next connected-fracture-network segment. The
matrix porosity estimated Is reasonable based on geophysical logging conducted at the
C-hole complex (Geldon, 1996).

The peclet number is estimated to be 11-12 for this test. Because the distance
between the Injection zone and withdrawal zone Is 29 meters (95 feet) then the
longitudinal dispersivity Is estimated as 2.4 to 2.6 meters (7.91 to 8.64 feet). This value
lies within the range of values suggested by Gelhar and others (1992) for the scale of
this test (29 meters).

In order to obtain quantitative estimates of the uncertainties In calculated
transport parameter values, the program PEST (Parameter Estimation), Watermark
Computing (1994), was employed to obtain optimal parameter values, and associated
confidence intervals. These confidence Intervals show the robustness of the estimated
parameters;. If the confidence Intervals are large then the estimated parameters are
less constrained than If the Intervals are small. The PEST program was given control of
the Moench (1995) solution to the advection-dispersion equation for radial, convergent
flow. It was instructed on what parameters It can change when obtaining a Moench
solution, and those were the Peclet number (PE); the dimensionless porosity (Sigma);
and the dimensionless diffusion coefficient (Gamma).

PEST uses starting values, obtained from the visual matches of peclet number
and advective travel-time, of the parameters that it Is allowed to change. It then
proceeds to implement a non-linear optimization algorithm to minimize the sum of the
squares of the differences between concentrations obtained using the Moench (1995)
solution, and the actual concentrations obtained from the breakthrough curve. By
repeatedly calculating the Moench (1995) solution for various values of the parameters
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iO is allowed to change, it eventually converges on an 'optimal" set of parameters.

The approach employed to apply the PEST program to obtain optimal parameters
based on the iodide test results, was to start with the visual graphical fit to the
breakthrough curve presented in figure 49, for which PE = 11.0, Sigma = 2.0, and
Gamma = 0.04. Three PEST runs were made, each with one of these parameters
changed from the above values, while the others were held constant. In the first run,
PEST was given PE = 11, Sigma = 1.0 (intentionally "perturbed" from its good-visual-fit
value of 2.0), and Gamma = 0.04, and was allowed to change only Sigma. At the end
of this run, PEST converged on an optimal value of Sigma = 1.7175, and an associated
confidence Interval for Sigma. In the second run, PEST was given the values PE = 8
(intentionally perturbed from Its good-visual-fit value of 11.0), Sigma = 1.7175, and
Gamma = 0.04, and was allowed to change only PE. At the end of this run, PEST
converged on an optimal value of PE = 11.43, and an associated confidence Interval for
PE. In the third run, PEST was given the values PE = 11.43, Sigma = 1.7175, and
Gamma = 1.0 (intentionally perturbed from Its good-visual-fit value of 0.04), and was
allowed to change only Gamma. At the end of this run, PEST converged on an optimal
value of Gamma = 0.03563, and an associated confidence Interval for Gamma. The
above optimal values, and their associated confidence Intervals, and the fit to the actual
breakthrough curve that they produce, are presented In figure 50.

The visual-graphical fit and the optimized PEST parameters are quite close. The
peclet number and dispersivity estimates vary by approximately 4 percent. The flow
porosity estimates vary by less than 1 percent. The visual-graphical fit matrix porosity
estimate is 19 percent and the PEST estimate Is 16.3 percent.

The difference In values Is attributed to the different weights assigned to portions
of the breakthrough curve. The rising limb Is used exclusively In the visual-graphical fit
to estimate the peclet number and then the advective travel-time used to estimate the
flow porosity. The PEST approach, for this report, uses all of the data, both rising- and
falling-limb, and optimizes the fit to these data and this results In a slightly different fit in
detail. Table 12 in the Summary and Conclusions section shows the values for all of
the testing of this report.

2,6 Dlfluorobenzolc Acid Tracer Test from Borehole UE-25 c#2 to UE-25 c03,
January-July, 1997

The fourth test from borehole UE-25 c#2 Is an ongoing test. On January 10,
1997, approximately 11.35 kg of 2,6-difluorobenzoic acid (2,6 DFBA), mixed with 795
liters (210 gallons) of UE-25 c#3 water, was injected Into borehole UE-25 c#2, followed
by 238 L (62.9 gallons) of rinsate and chase water. A total of 1798 L (475 gallons) of
fluid were injected, the first portion of which was the fluid In the injection string
preceding the Injectate solution. The average Injection rate was 0.52 Us (8.2 GPM),
with a range of 0.48 to 0.55 Us (7.6 to 8.8 GPM). The average progressive-cavity
pump (injection pump) pressure, measured at the surface, was 223.6 psi, with a range
of 215 to 230 psi. The chemical constituent used as a tracer In this test was DFBA.
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Chemical analysis Indicated that the DFBA Injectate-solution had a concentration of
15,560 mg/L. Forthis analysis, the retardation coefficient was assumed to be 1.0.

As indicated above, the DFBA was Injected Into borehole UE-25 c#2 on January
10, 1997. The field-determined detection limit for DFBA was 40 pg/L. The accuracy of
the HPLC analytical technique, calculated as the difference between the nominal and
measured concentrations of standards, divided by the nominal concentration, was ±10
percent. The precision of the technique, as determined by comparing replicate
analyses, was *10 percent.

Using the automated sampler, 1420 samples of water were collected as of June
20, 1997 for analysis of DFBA during the tracer test. Of the samples collected, 1299
(including replicates) are analyzed to date. DFBA concentrations In water sampled
during the tracer test were measured using high performance liquid chromatography
(HPLC) with a variable-wavelength UV detector (Stetzenbach and Thompson, 1983).

Breakthrough occurred on January 15,1997,5.07 days after Injection. The peak
concentration of 251 pg/L occurred on January 24,1997, 13.5 days after Injection. The
mass recovered Is estimated'as 7.6 kilograms as of June 29, 1997 (day 170 of the test),
which is approximately 67 percent of the Injected mass (Fahy, 1997, written
communication to M&O).

Transport Properties for the January-July DFBA 1997 Test

Preliminary Interpretation of the DFBA test, using the Moench (1995) analytical
solution of the advection-disperslon equation for radially convergent flow, with a peclet
number between 12 (figure 51) and 15, advection travel time between 16.5 and 12
days, produces a flow porosity between 9.9 and 7.2 percent, a matrix porosity between
8.8 and 13.2 percent, and a longitudinal dispersivity value between 2.43 meters (7.96
feet) and 1.94 meters (6.37 feet) (figures 52 and 53).

The range of values reflects two philosophies for the complete curve fit. The
peclet number of 12, flow porosity of 9.9 percent, matrix porosity of 8.8 percent, and a
dispersivity of 2.43 meters (7.96 feet) reflects fitting the rising limb of the breakthrough
and honoring the Initial decline closely (figure 52). At longer times, the data and the fit
diverge, possible Indicating secondary arrivals. The alternative Is to fit the rising limb of
the breakthrough curve and reasonably fit the complete declining portion of the curve
(figure 53).

In order to obtain quantitative estimates of the uncertainties In calculated
transport parameter values from the DFBA test, the program PEST (Parameter.
Estimation), Watermark Computing (1994), was employed to obtain optimal parameter
values, and associated confidence Intervals.
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The approach employed to apply the PEST program to obtain optimal parameters
based on the DFBA test results, was to start with the visual graphical fit to the
breakthrough curve presented in figure 53, for which PE = 15.0, Sigma = 1.7, and
Gamma = 0.12. Three PEST runs were made, each with one of these parameters
changed from the above values, while the others were held constant. In the first run,
PEST was given PE = 15, Sigma = 3.0 (intentionally "perturbed" from its good-visual-fit
value of 1.7), and Gamma = 0.12, and was allowed to change only Sigma. At the end
of this run, PEST converged on an optimal value of Sigma = 1.8776, and an associated
confidence interval for Sigma. In the second run, PEST was given the values PE =8*
(intentionally perturbed from its good-visual-fit value of 15.0), Sigma = 1.8776, and
Gamma = 0.12, and was allowed to change only PE. At the end of this run, PEST
converged on an optimal value of PE = 15.8, and an associated confidence interval for
PE. In the third run, PEST was given the values PE = 15.8, Sigma = 1.8776, and
Gamma = 1.0 (intentionally perturbed from Its good-visual-fit value of 0.12), and was
allowed to change only Gamma. At the end of this run, PEST converged on an optimal
value of Gamma = 0.11793, and an associated confidence Interval for Gamma. The
above optimal values, their associated confidence Intervals, and the fit to the actual
breakthrough curve that they produce, are presented In figure 54.

The visual-graphical fit and the optimized PEST parameters are quite close. The
peclet number and dispersivity estimates vary by approximately 5 percent. The flow
porosity estimates are Identical. The visual-graphical fit matrix porosity estimate is 13.2
percent and the PEST estimate is 14.6 percent.

The difference In values Is attributed to the different weights assigned to portions
of the breakthrough curve. The rising limb Is used exclusively In the visual-graphical fit
to estimate the peclet number and then the advective travel-time used to estimate the
flow porosity. The PEST approach, for this report, uses all of the data, both rising- and
failing-limb, and optimizes the fit to these data and this results In a slightly different fit in
detail. Table 12 in the Summary and Conclusions section shows the values for all of
the testing of this report.

Pyridone Tracer Test from Borehole UE-25 c#1 to UE-26 c#3,
January-July, 1997

On January 9, 1997, approximately 3.018 kg of 3-carbamoyl-2-pyridone
(pyridone), mixed with 795 liters (210 gallons) of borehole UE-25 c#3 water, was
Injected into borehole UE-25 c01, followed by 252 L (66.6 gallons) of rinsate and chase
water. A total of 2082 L (550 gallons) of fluid were Injected, the first portion of which
was the fluid In the Injection string preceding the injectate solution. The average
injection rate was 0.38 Us (6.1 GPM), with a range of 0.28 to 0.62 Us (4.4 to 9.8 GPM).
The average progressive-cavity pump (injection pump) pressure, measured at the
surface, was 252.8 psi, with a range of 50 to 300 psi. The chemical constituent used as
a tracer In this test was pyridone. Chemical analysis Indicated that the pyridone
injectate-solution had an average concentration of 2998 mg/L. For this analysis, the
retardation coefficient was assumed to be 1.0 .
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As indicated above, the pyfidone was Injected into borehole UE-25 c#1 on
January 9, 1997. The field-determined detection limit for pyridone was 0.1 pg/L. The
accuracy of the HPLC analytical technique, calculated as the difference between the
nominal and measured concentrations of standards, divided by the nominal
concentration, was *7 percent. The precision of the technique, as determined by
comparing replicate analyses, was ± 10 percent.

Using the automated sampler, 1420 samples of water were collected for analysis
of pyridone during the tracer test. Of the samples collected, 687 (including replicates)
are used In this provisional analysis. Pyridone concentrations in water sampled during
the tracer test were measured using HPLC with a variable-wavelength fluorescence
detector. Breakthrough occurred on March 27, 1997,56.3 days afterinjection. The
breakthrough curve is still developing. Concentrations are increasing but at a gradually-
decreasing rate. The current concentration Is, therefore, the maximum concentration of
pyrdone and Is 0.210 pJgIL (occurring on June 19, 1997), 159.7 days after Injection.

Because no pyridone was observed Initially in the water samples obtained from
borehole UE-25 c#3 eighty-nine (89) days after Injection of the pyridone into borehole
UE-25 c#1, additional hypotheses as to the location of the pyridone prompted the
sampling of borehole UE-25 c02. Possibly, transport along fractures or faults
connecting the Injection borehole UE-25 c#1 and UE-25 c#2 would deliver the tracer
into borehole UE-25 c#2.

As discussed in other sections, the pyridone had actually arrived In borehole UE-
25 c#3 within 56 days after Injection but the analytical technique needed refinement.
Eighty-nine days after Injection, this refined technique had not been in use yet.

The geological concept that was evaluated with these samples from borehole UE-
25 c#2 is that the fractures are not randomly oriented, but exhibit preferred directions of
strike and may provide a direct connection between boreholes UE-25 c#1 and UE-25
c#2, bypassing borehole UE-25 c#3. One of the two dominant fracture sets observed In
the boreholes In the interval being tested (the Lower Bullfrog), is approximately parallel
to the alignment of boreholes UE-25 C#1 and UE-25 c#2.

On April 11, 1997, and on subsequent dates, water samples were airlifted from
borehole UE-25 c#2 In order to determine the presence or absence of pyridone in the
vicinity of the borehole. Prior to this sampling, the DFBA 1.660 injection tubing was
lifted from the borehole to remove the cracking valve at the end of the tubing. A water
sample was obtained from the injection tubing near the cracking valve to serve as a
reference water sample (this sample Is referred to as the "reference tubing sample' in
what follows). In theory, no pyridone should be observed In the Injection tubing If the
pyridone source is from outside the borehole. The reality is different as will be
discussed.

The open-ended DFBA 1.668 Injection tubing was reinstalled with its bottom end
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approximately 100 to 150 feet below the static water level In the 2 7/8 inch tubing open
to the Bullfrog Tuff. The sliding sleeve, which provides access to the Lower Bullfrog,
remained open. Air pressure through the injection tubing forced water to the surface
through the annulus between the 1.66" and the 2 7181 tubing. In this manner, airlifted
samples were obtained after approximately 250 gallons of borehole water were
removed, unless noted. The water sample Is assumed to be representative of the
aquifer water after this removal of possibly stagnant water. Typically this process of
airliftling 250 gallons, and then taking a sample, took approximately 7 to 8 hours and
allowed for water sampling in a relatively Inexpensive manner without the complication
of another pump installation.

A total of thirteen airlifted samples, and one reference tubing sample, were
obtained. The first two airlifted samples, dated 4/11/97 and 4/12197, were obtained at a
discharge point after passing through a hose that had been used for Injection of
pyridone Into borehole UE-25 c#1. Concern over possible contamination prompted a
redesign of the sampling point. A valve was placed directly on the wellhead plumbing
for subsequent sampling, eliminating this potential source of contamination. Samples
obtained on 4114/97, and on subsequent dates, are assumed to represent water from
the aquifer after traveling through approximately 1500 feet of 2 7/8' tubing to the
surface valve.

As the data were obtained, several concepts were being evaluated. Had
transport occurred directly between UE-25'c#1 and UE-25 c#2? Was there
contamination frorm surface plumbing? The reference tubing sample proved to be
critical to evaluating these concepts. The concentration of pyridone observed In the
reference tubing sample was the highest at 4.7 ug1L. The concentration of pyridone
from the airlifted samples ranged from 2.1 ugIL down to non-detectable. The
concentration decreased from 4/11/97 to 4129197. Additional samples on 5/6197 and
5/8/97 were obtained to evaluate possible buildup of pyridone concentration with time
between samples.

A possible, and preferred, Interpretation of these data Is that contamination
occurred from the Injection system. For this Interpretation to be absolutely correct, It
has to be assumed that the cracking valve did not leak .and, therefore, did not allow any
borehole fluid to enter the Injection tubing. The DFBA injection was subsequent to the
pyridone Injection and used some common pieces of plumbing (for example, the
progressive-cavity pump (PCP) and a small portion of common pipe). Approximately
252 L were flushed through this system after the injectate, In the form of rinsate, and
borehole UE-25 c#3 chase water for the pyridone Injection. Additional flushing was
performed with the surface pipe, normally connecting the PCP to the 1.660 tracer
Injection tubing In borehole UE-25 c02, disconnected. The initial high values of the first
two aIrlifted samples may be partially due to this possible contamination, and partially
due to obtaining the samples through the hose used to inject pyridone into borehole
UE-25 c#1. The high value of the reference Injection tubing sample would provide
strong evidence that contamination from the Injection system had occurred, except that
the cracking valve may have been leaking. That sample was Independent of any
sampling apparatus at the wellhead and was obtained prior to any airlifting of water.
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Samples obtained directly from the UE-25 c#2 wellhead also exhibit high
concentrations of pyridone (0.66 ugIL and smaller). These concentrations could be
either from the aquifer or from the possible Injection system contamination. The latter
interpretation is preferred because of the high value of the reference tubing sample
which has only experienced passage through the injection system. The interpretation of
Injection system contamination Is preferred, for the reasons described below, even
though leaking of the cracking valve, which would allow borehole fluid to enter the
Injection system, cannot be discounted. Later samples were obtained both at the start
of the airlift process and at the end of the process. These samples show a consistent
decrease in concentration which would be consistent with tubing contamination that is
diluted as cleaner water Is passed through the Injection tubing with airlifting. The Initial
higher concentrations are consistent with a transfer of pyridone from the Inner wall of
the Injection tubing, to the water within it, durng the dormant periods between airlifting
events.

These results support the conclusion that there has been contamination of
pyridone from the Injection system, but cannot absolutely preclude the possibility of
direct transport of pyridone from borehole UE-25 c#1 to borehole UE-25 c02.

Transport Properties For the January-July, 1997 Pyridone Test

This test is ongoing. The breakthrough occurred after approximately 56.3 days.
The current maximum concentration is 0.210 pg/L. This is the first tracer test from
borehole UE-25 c#1 which unequivocally Indicates a pathway between boreholes UE-
25 c#1 and UE-25 c13.

The precision of the pyridone concentration values varies. For concentrations
less than 100 parts per trillion, errors exceed ±10%, based on replicate sample
analyses. Concentrations of pyridone, less than 100 ppt, are shown as open-circles on
figure 55. The filled-circles Indicate concentrations of pyridone greater than 100 ppt
and those samples with replicate errors less than or equal to :10%. For analytical
modeling purposes, concentrations with the smaller error are used. The type curve
depicted In figure 55 fits these points quite well but Is limited in that the concentrations.
continue to Increase (no clear peak has been observed).

However, assuming that the 0.210 pgfL concentration of pyridone Is the
maximum for the breakthrough curve, the Moench (1995) analytical solution of the
advection-dispersion equation for radially convergent flow, with a peclet number of 11
matches the pyridone dimensionless concentration against dimensionless time curve,
when both are plotted on log-log paper (figure 55).

TmaerTcsts - 25



DIMENSIONLESS TIME, TD

0

t TA £ST(%=l,>l)~~~~ I I I

_ - OBSERVED DATA = \TP VV10~~~~~~~~~~~~~

10 -2.'

10~~~~~~~~~~~~~

TIME SINCE INJECTION, IN DAYS

FIGURE 55: TYPE CURVE Fff FOR PYRIDONE ]NjECMlON IN U]E-25 C#I
OPEN-MCLES FRDATA REPLEROR i 10%

F CLIBS EOR DATA RE ORs 10%

Tracer Tests - 26



SUMMARY AND CONCLUSIONS

Uncertainty In the chemistry data are presented In terms of the error bounds that
bracket the data. For the tracer concentrations, the maximum error is plus or minus 20
percent of the value. These limitations are a function of the HPLC analytical technique
used to obtain tracer concentrations.

Uncertainty of values for dispersivity, flow porosity, and matrix porosity result,
naturally, from physical processes such as scale-dependence for the dispersivity, when
comparing tracer tests conducted from borehole UE-25 c#1 to those conducted from
borehole UE-25 c#2, as well as variability In the transport process when changing
tracer materials. However, there Is good agreement In dispersivity values obtained from
tracer tests conducted from borehole UE-25 c#2. Peclet numbers range from 1 1 to 15,
which are close, and therefore, the longitudinal dispersivities are close. The
breakthrough times are identical for the iodide and the DFBA tracer tests from borehole
UE-25 c#2 and the advective travel-times are within 10 percent. Therefore, the Inferred
flow porosities are close, which Implies that similar flow-pathways are used by the
tracers In both tests.

This is consistent with the conservative nature of these tracers, with differences
being attributed to the different thicknesses of the zones tested. The iodide tracer test
was conducted In the combined Bullfrog-Tram zone and the DFBA tracer test was
conducted in the LowerBullfrog zone.

The parameter estimates, based on the dual-porosity analytical model, are
robust because the visual-graphic fit is close to the PEST fit (less than 5% for all
parameters except matrix porosity). Matrix porosity estimates vary by 0.03 porosity
units.

The estimated flow porosities suggest that the pathways between boreholes UE-
25 c#2 and UE-25 c#3 are not well-connected. This Is supported by the Interpretation
of the higher-than-expected flow porosities derived from the dual-porosity analytical
model for three of the four tracer tests (two of which are discussed In this report). The
remaining test exhibits multiple-arrivals (Relmus and Turin, 1997) and the second
arrival of this remaining test Is consistent with this interpretation. For this multiple-
arrival test, the arrival of the microspheres at the recovery borehole demonstrates the
existence of a connected pathway, somewhere, with an aperture at least 0.36
micrometers wide. However, the small recovery-percentage of the microspheres
(Reimus and Turin, 1997) also suggests pooily-connectedhtortuous pathways or dead-
ended flow pathways.

The estimates of flow-porosity cannot be separated from the parameter h which
represents a uniform thickness. In conducting tracer tests In isolated, permeable
intervals in fractured rock, it Is difficult to identify a meaningful thickness because
transport occurs through an Interconnected network of fractures. For this report we
have assumed that the appropriate thickness is the effective thickness as previously
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reported In Geldon (1996).

Although not the preferred interpretation, the presence of pyridone in the air-lifted
samples from borehole UE-25 c#2 could indicate a complex pathway from borehole
UE-25 c#1 to the pumping borehole UE-25 c#3. Regardless, this report presents the
first unequivocal testing from borehole UE-25 c#1. The preliminary results suggest that
the arrival time is of the correct magnitude to be consistent with the Moench dual-
porosity solution adjusted for Increased distance.
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Table 12: Summary of Results and Trans ort Properties

UE-25 c#2 UE-25 c#2 UE-25 c#1
Iodide DFBA Pyridone

Breakthrough 5.07 5.07 56.3
(Days)

Peak 99.5 251 0210
Concentration (current value)
(pIL)
Peclet Number 11 12-15 11

Dispersivity (m) 2.6 2.4-1.9 est. 0.128

Flow porosity, 8.6 9.9-7.2 n/a4, (%) .

Matrix porosity, 19 8.8-13.2 n/a
V' (%) . .

n/a - Indicates that the value Is not available.
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